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PREFACE 


Kl ttie^ present time ofreat interest is beinor taken in the de- 
velopmcjU of the water-power resources of this and o;her countries 
of the world, and it is certain that in the near futures, a very large 
an^unt of hydro-electric development will take place. 

^ *Fcw engineering problems d»'*mand a more' general knowledge 
than those presG^nted in the development of a water-power scheme. 
The engineer has ih deal with such diverse matters as ..rainfall 
and run-off, ‘gauging operations, the survey and contouring of 
eatcTiment areas, the construction and foundation of dams, the 
construction and lay-out of canals, tlumes, pressure tunnel^, l)ipe 
lines and pipe tracks, regulating sluices, and [)()wer houses; and 
with a series of mechanical and electrical [)roblems relating to the 
^irrangement and regulation of hydraulic and electrical machinery, 
and the installation and operation of transformers, transmission 
lines, and sub-stations. Since the chance of the commercial de- 
velopment of any .scheme depends essentially on the possiMky 
of obtaining a profitable outlet for the power, the engineer should 
have a sound if not a detailed knowledge of mo<lern electro- 
chemical, -physicfd, and -metallurgical processes, and, in general, 
of the nrany branches of industry; in which cheap electrical, power 
is an e.<^sential. ' 

While many of the problems afe such as are eficountercd in 
other brancl^ps of engineering, a number, of them are peculiac; 
toJ;his [)articulcir branch. Limitations of space make" it'-im possible 
to atteyipt to deal, in one trentiscs witLhi^^re thaij the general 
principles invofved in a successful solution of these problems, 
and the^ present ,treatisti has been prepared with*' this iR„ view. 
For details pf the ' construction jof ccessful installatiorjis, the 
reaclpr is referred tp the excellent a^'ticles' which appear trom time 
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to time in the tecjinical press, and in the proceedings of tlj^ 
various? tp^hical societies. ^Whyle the illustrative matter in the^ 
’treatise* has been chosen as'repres^iiing reccn| practice, ^ach 
illustration has* bepn chbsen as illustrating some definite jjrinciple 
of lay-oyt, design, *or ‘co'nSwu^tipn. * i 

The \york is ^mended both for the student *)f th^sub 5 ect,and 
for. the tlesignin^ and operating engineer, and it is hopecl that* 
it may prove of somewise to such readers. The pre.sent volume 
deals with the preliminary work and with .the njechanical • 

side of waler»po\^ef development. The second^ volume deSls* 
with the electrical equipment* and lay-out, with *1110 economical 
and statisflca .1 ^'de of the question, and with the possibilities of 
tidal power.^ ' 

In (he preparation of Volume I, tile editor has had the adv^n- 
tag^ <T the co-operation of Mr. «H. L). Cook, B.K., wlj^, 

in connection with one of the leading llritish firms of hydro- 
electric; engineers, has had an extensive 'experience of such 
developments, and who has contributed Chapters Vl l and X. 

The editor would express his indebtedness to all llx>se*wh« 
have ^o kindly assisted in the preparation of this work by sug- 
gcstion»and by the provision of illustrative material. It is hoped 
that due acknowledgment of such assistance has been made in 
the body of the text. 

a' H. CllBSON. 

TAk University, 

MANdi ESTER, 1921. 
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CHAPTER I 
Introductory 

1 . 'Fhc watcr-wheci was the first, and for many centuries the most 
important, agent, for utilizing any natural source* of*cnergy for industrial 
work, and largely in consequence of this the early industrial communities 
grouped themselves around river sites where such power was readily avail- 
able. The early water-wheels were, however, of crude construction, and 
•were only adapted for very low rotative speeds and small powers, and 
when the steam-engine was evolved in the eighteenth century, it offered 
so many advantages over the vilder form of prime mover as seriously to 
check water-power development in countries where coal was^cornparatively 
cheap. One of the great advantages of the steam-power plant was that 
' it enabled ay indus^vy to be developed wherever raw material, fuel, labour, 
and markets could be most easily assured. , % 

The development of the electric generator during the latter half of tli,e 
nineteenth century, and the development, since iScSo, of high-voUage 
.electric transmission, have, however, ^indirectly done much towards Tegain- 
ing for water power something of its old relative value th? ecbnoinic 
scheme. 'This tenjlency has been accelerated in recent years by the ever- ^ 
increasing cost of coal and oil fuels, and by the growing belief in the urgent 
necessity for their conservation, 'fhe great developments iri^elcctro- 
chcmicaJ, -physical, and -metallu4jical processes during the past decade 
•}^ve also done much to further the Utilization of water powers. Most 
of these processes require relatively large •amoi^nts of energy, and all are ‘ 
economically dependent on tjie cheapness of this' enerjc^^ 
created a demand for large blocks of cheap powr which can, under idvour-'* 
able cirtumstan^'jjs, more readily satisfied Tfor^ a watei*-]lower installa- 
tion than from any other source. , , 

Step ^ by stepi with these deveibpments on ^ the Vlec^trical sMc great 
advances havt; been ihaftie h the desi;?n^?)f* the hydraulic prime mover. 
The first true hydraulic turbine 0 / wy^thibg nesemHing rnoder’ft form was 
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evolved about 1823 by ivi. i^ourneyron. buch machines were capabLe ot 
developing muqh gieater powers, of operating at higher and more conV 
v^nient s^etdl, and, of more adurate spped regulalion than the older 
water-wheels, w'hich they gradually replaced^* In response to the demand of 
the electrical engirteer, th^ ttirbine has gradually been improved in design, 
in efficiency, and in outpilt, Te#svlting in the •extremely efficient treaction 
tilrhines and Pelton wheels of the present day. •Under favourable conditions 
siK:h units tire capaMe of efficiencies in the .neighbourhood per cent. 

Turhnies*are now in*operation at Queenstowm, Niagara, each of which is 
capable of developing 6o,oo»o h.p., and it is.probablc that subsequent units 
of the same plant will develop 100,000 h.p. 

These variousi de\’eldpments have made it commercially possible to 
make use of large water powers at sites far remote from any cjntifi^i 
industrial activity. In many cases industrial communities, attracted by 
the cheapness oi-tlie p^}vver,tfhave grown up around such sites. Ifi others 
the energy ha&Jieen transmitted electrically for king distances, in some 
cases bet)veen 200 and 300 miles, to .some ’more convenient site. During 
the fast ten years this tendency has b^en increasing!} evident in all tlufse 
industrial countries naturally favoured with water-power resources, and 
recent economic developments indicate that even greater attention is likely 
to be paid to such possibilities in the near future than in the immediate past. 

2. Available Water Power. — An estimate by the Dominion Water 
Power Branch of the Canadian Department of the Interior in 191,(5, modi-, 
fied by the author in the light of more recent information, outlines the 
water-power possibilities of the leading countries approximately as follows: 

I 

, Country. 


! United States 
Canada 
: Aii,stria- | 

! Hungary j 
France * 
Norway 
Spain 
Sweden 
•Italy 

SwitzerJancI 
I (jcftfiany . . 

, Great Britain\ 


eluding' Alaska (area about half inilHup square miles). 

* % • • . 

Canada: i,ooc>,ooosq, mlles,is taien the ai'ca ire^.led in the Conservation 
Commission’s estimate available V ater power, and the area which we may expect 
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to see fairly thickly settled during the next few decades. The area of the whole 
dominion is 3,729,750 sq. miles. • • • . ^ 

These developed powers inq/i^de »chenfcs in coifrse, of constriction anj 
extensions in view^ and refer to the ultimTate installtyi turbine capacity.’ 

In Rn^ssia * it is estimated that 20,00045^0 h*p^ is* available, of which 
1,000,000 h.p. is developed; in Brazil, *]• 26,000,00© h.p., with, 32^,000 h.p. 
developed; iH. , Iceland, J 4,000^,000 h.p., of which development gf 
* 1 ,000,000 h.p. is projected; while fn Japan § over 1,0009000 h.p. is ckveloped 
or in course of construction, y to these be ac|^led the powers utilized in 
^ such other countries as New’ Zealand and Tasmania, it appears that the 
tot^il presVnt da*^elopment Amounts to between iwid jo million horse- 
^po^ve^;. The available resources so If^r mentioned total slightly ov’er 
130 million ,horse-powx‘r. To this is to be added the very considerable 
but as )iet unknown possibilities of the v^iriyus^ dep.*"^r^i?ncies of the 
British Kmpire. In Australia, Papua, British Guiana, Ej^st and South 
Africa, and in India and Ceylon, these are at present bemg investigated, 
ancT a conservative estimate places ^thtiir continuous output at between 
and 70 million horse-power. • , • 

In Great Britain the total amount of water power is not large. Scot- 
land offers greater possibilities than any other part of the country. Over 
a considerable extent of the Highland area the rainfall exceeds 60 in. per 
4nnum, and this area is studded with natural lochs which form excellent 
reservoirs at considerable elevation. Nine of the more promising large 
power sites have leccntly been :nvestigafed,|| and offer an aggregate output 
of some 180,000 continuous horse-power. The largest installiftion as yet 
developed in the United Kingdom is at Kinlochleven, which* gives a con- 
iinuous output of cl^e on 30,000 h.p. While in England theie are larger 
rivers than in Scotland, there are fewer natural lakes, and the possibility^ 
of water-power development is restricted by the general lack of elevation. 
The powers are in general small and widely distributed, and must usyally 
be developed “without storage by utilizing the natural river flow, a© has 
been done, for example, on the Dee at Chester. There are a«few* large 
power sites in the mountainous districts of North Wales. A* recent investi- 
gation II of a number of typical rivers in England and Wales shows that 
the available output is approximately jo h.p. per square mile of catchment 
area, equivalent to about 580,000 continuous .horse-power for both coun- 
tries. Probably not more than one-halbof this is capable %)f commercial 
development. It is probable that the total commercmll^’ possible <mtput^ 
of the United Kingdom is in the neighbourhood f)f f)00,oooJ^., of which 
"slightly over 200,000 h.p. has already been deyelop^d. * 

3 . Tidal Powgr. — The idea of utilizing the iR^e and ftllfof tRe tides 

• 

• A recent estimate by the Ministry of Ways of Communication^f/ifer^nVa/ Rerierv, 22nd 
Fehruary, ic^S). • • ^ * ^ * *• 

The Electrical Trade of Bt-azilf] . M. cTlen^# i Ttdetis Tedn^ r3th November, 1918. 

§ Japanese Department of ARnculture {Electrical tletiew, lothjanuary , lyn/l. * 

II Sy the Board of TracW Water Power fteiiOui4:e^ (iommittee. * 
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for power purposes has long been a favourite one, but up to the present 
no develQpmynt of ‘this kind of an^ size has been carried out. Much atteti- 
tion is at* the momcRt being paid^t9 thfe pofislibilities of this source of energy, 
in Great Britain and in 4 "rance. It is too early as yet tf^ say whether any 
such schemes as* h^ve been suggested are tommercially feasible. If not 
at the moment, there \:an*be*^ if tele, dojnbt that they will ultimately become 
so, as the cost of fuel-generated energy becomes greatei^ and in this 
dase a vei^ large a?pount of energy will become available*. , ‘ < 

With a spring tidal range of 20 ft., and a range of one-half this amount 
at neaps, it is possible to ‘generate, by approved methods of operation, an 
average daily dlitput^ of approximately 90,000 h.p. hours per square mile' 
*)f tidal basin arfca, or, with storage, to give a continuous 24-hour output 
of 2200 h.p. Such an estuary as the Severn, where an area of 20 sq*^ miles 
could readily^^^e utilized with a spring tidal range of 42 ft., w^ould be 
capable of an averagd* dkil/ output of 8 million horse-power hours, or of 
about 60 per dent of this w'ith storage adequate to give a continuous output. 

'rhe' power which may be developed from a tidal basin of a given crca 
depends on the squari; of the tidal tange, and since the cost per hor^- 
power of the turbines and generating machinery incret^ses rapidly as the 
working, head is diminished, the unit cost of such an installation, except 
as affected by local circumstances, will be smallest wdiere the tidal range 
is greatest. h\3r this reason the western and especially the south-western 
coasts of Great Britain and the western coast of France are particularfy 
w'ell suited for such developments, since the tidal range here is greater 
than in any part of the world with the possible exceptions of the Bay of 
Fundy, Hudsons Bay, and the southern extremity of South America. 

4 . Outlet for Hydro-electric Power.— During the eight years 
between 1910 and 1919, the hydro-electric horse-pfTvvcr developed and in 
'course of development in Canada has increased by almost 150 per cent, 
’and now .show\s a total of approximately 2,700,000 h.p. A large number of 
thV!*^^lants are designed for the addition of further units when required, 
and the pUal ultimate capacity amounts to some 3,385,000 h.p. Of the 
total power installed 1,757,000 h.p. is in central electric stations. The 
pulp ahd paper industry utilizes 473,000 h.p.; lighting absorbs 434,000 h.p.; 
flour- and grist-mills, 43,000 h.p.; lumber- and saw-mills, 38,000 h.p.; and 
other maniiiacturing industries, 173,000 h.p. While, as indicated by these 
figures, the demand for general ipdustrial purposes is continually growing, 
the chief outlet for hydro-electric power in the near future is likely to*'be 
*'in connection with elH:tro-chemical processes, and pj:obably railroad 
ele^i^if'catbViTT 'The amount of power already used in elcctro-chcmicaK 
procesics isu vety^ h^rgt^ '^nis the wwld’s production of calcium carbide 
alone requires some 500,000 e.p.h., and when it is reihemberecl that such 
products as aluminium, carhorundiiin, chron,u*uin, cyanide, caustic soda, 
chloralcs ^nd hypochldtitcs, niagnesipm, phosphorus', and silicon are only 
rendered^ comiViercially possibL* by such processes, it wiibbe realized' that 
the ftuture demand^ for energy ^fo\ 'iheir manufacture is likely ,.to be 
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<^xtremely large. Nitrogen fixation is also likely to make great demands. 
In Norway alone ovfr 400,000^ e.p.l^. is i^ow utiliz^ for thij? purpose, and 
•in view of the rapid depletion 3 f the natural nitrate deposits, frhm which 
four-fifths of theVorM’s nitrqgen consumptioi; has hith€;fto been supplied, 
and of tl^ diminution in fertility of most th^*greafr wheat- and cotton- 
growing^ areas of the world, ®the pit>ddction of artificial fertjlizeVs by oije 
or Qther systtipi of nitrogen fixation must, in the ntjpr future^ become^ a 
question of the utmost importarfce. 

The electrification of railroads has made re^jatively rapid strides during 
recent years. In the United States 440 miles of the Chicago, Milwaukee, 
arid St. ^aul Rgiilway, com*prising 590 miles of single tnick, have already 
.el petrified, and contracts for fiirtjier electrical extensions have been 
let. On thf? completion of this work, the total length of electrized track 
will he about 860 miles. The power for oper^ition i^ obtai'^’^l from hydro- 
electric stations. In France much of the line of the Compagnie du Midi 
has been electrified with the aiti of water power, and the 'electrification of 
trunk lines in many other countries* is at present under consider»tion.' 
TJuch developments will open up a very large field .for the utilization of 
water power where thi^s is available. 

The economic development of many of the tropical dependencies of 
the British Empire, whose latent wealth is practically untapped, is directly 
•interconaected with the development of their water-power resources. Not 
only would an abundant supply of such power enable railroads to be 
operated, irrigation schemes to be set on foot, and mineral deposits to be 
tapped and worked, but it would go far toward solving the labcnir problem, 
which promises to be one of some difficulty in the future. • 

• 5 . Cost of Hy 4 xaul]c Power. - The cost of hydraulic power is made 

up mainly of charges against capital, the cost of interest, depreciation, 
sinking fund charges, taxes, and insurance being always much 'greater 
than water charges and costs of operation, maintenance, and supplies. 
These capitaf charges vary largely with the local circumstances and physical 
characteristics of the site. Where the available head is great apd the 
storage provided b^ a natural lake, or where storage is uftnecessary, they 
may be comparatively small. Where, on the other hand, extensive works 
are requfred to store the water and. to bring it to the power hr^ise, the 
overall cost of power may be largely in excesg of that generated by a steam 
•pjant. 

A recent analysis of the capital costs gf seventy representative hydro-^ 
electric statioift? in Canada, with an aggregate •capacity of ^46,000 h.p., 
shows an average constructional cost of £1^-2 iostallecTtiflrbiiTe^Zorse-^ 
power. This is exclusive of the frost of vjut&r rights, lan^l/ transmission, 
and distribution! and the costs are on a pre-w 4 r basis. A similar analysis 
of the capital coste ^f 338 itistallatioBS in Sweden ^ggneg'afing 695.000 h.p., 
shgws an average cost vf ptr t^irbii^e horse-power. •!£ tfiese afe 

grouped according to the size of tl^e jnstalfetiop, the^show thatth^ average 
costVanges from £2^ for installations JeSs than 200 h.f . to £6*8 for an 
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mstallation of 20,000 h.p. Provisional estimates by the Board of Trad^ 
.Water Resources Committee pf the cost of flevelopment of nine 

large schemes in Scotland show am avera*ge cost, on a pre-war scale, of*^ 
approximately ^25 per ifist^illed turbine horje-powel*. ' 

The total charges* pia^, be, fci^ely increased by the necessity rfor long- 
(listance ffan^mission. Thus whileT tke cost#of power in bulk at^ Niagara 
F^lls is 9 cjollars pe^ horse-power year, this is increased by, .transformation 
and transmission charges to 11-5 dollars at the Falls, to 14 dollarsrat Hamil- 
ton, 54 miles distant, and tp 38 dollars at \yalkerville, 237 miles distant. 

It is evident from these various figures that it is impossible to give any 
generally applicable figure for the cost of hyd/o-electric p^wer, or for tjie 
limiting cost at which such deyelopments may become econoraicail/’' 
feasible., This depends essentially on the cost of development and opera- 
tion of any cdl^peting^^powef, and on the purpose for which the output is 
to be used. Scottish development, for example, might be economically 
sound if intended to supply power for general industrial purposes in 
^com/etition with coal-fired stations, and absolutely unsound if intended 
to compete for nitro,gen fixation or the manufacture of carbide with tht 
extremely cheaply developed water powers of Norway. 

6. Necessity for Preliminary Investigation. — In spite of the great 
importance of water powers, many of the potential powers in existence 
must of necessity prove economically useless, either on account of their, 
distance from centres of industry, the lack of transport facilities, or from 
the fact t^jiat the storage necessary to give a sufficiently continuous supply 
would be t\)o costly. Of many potential powers it can be said without 
further invesfigation that for the present this is, and for a long time to 
come will be, the case. Of others the reverse is true.,. But in the majority* 
of cases the extent to which a scheme is capable of economic development 
can only be determined after a careful examination of the catchment area 
and ^site of the proposed works; after a prolonged investigation of the 
run-oP* or rainfall records; and, in an undeveloped courftry, after an 
investigatirn of the mineral and forestal or agricultural possibilities of the 
surrounding region. 


CPIAPTER II • 

Rainfall and Run-off 

q 

r ' * - . • ^ 

7 , Rainfall,. — The /^lean annual rainfall of the world is about 36 in. 
per annum, varying from almost zero in its arid regions’ to between 400 
and 500 jn. at isfrfated points in West^^rn Assam. The rainfall of a given 
district varies greatly w?th its si^uati6*n‘’ and ph,ysical configuration, gind 
with till! direction of, the prevailing winds. Where these are charged 
with m'oisture, |hrough crossing, aT large stretch of *Water, the rainfdl of 
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the first high ground encountered by them is always heavy. On the 
other hand, the rainfall of a district is snjall if the ||revkilingo winds traverse 
a large expanse of land before teaching it, or if they •come fronv a district 
of high to one oT lower elevation. ^ ** 

Thu^ as indicated by theVainfall map (jf^fig^ i,* fbe iiills on the western 
coasts of the British Isles precipitate die* moisturp in the prevailing south- 
west winds ^r^om the Atlantic. The average rainfall at Ben' Lomond at 
an elevation of 1800 ft. is 90-7) 4 n., and at Seathwaitc, in Cumberland /is 
as hi^h as 150 in. The eastern coast of Scotland has a rainfall of about 
27 in., and the flat districts east and south-east of the Pennine Chain in 
I^glancf *Iiave^ rainfall rfot greatly exceeding 20 in. pt^r annum. The 
^eajpst rainfall is usually experienced upon the Idewafd side of a range 
of hills, within a few miles of the summit. 

8. lijuctuations of Rainfall. — In any district the- rainfall varies 
greatly from month to month throughout the year. I'he following table 
indicates typical fluctuations ras experienced at Greenvnch, in Central 
(Jbeensland, and at Madras, Bombay, and Cherrapunji, which is situated 
on the Khasia Hills in south-west Assam at an elevation of 4000 ft., and 
is reputed to have the heaviest rainfall on record. The hills rise abruptly 
from the low-lying lands of Caher and Sylhet. At Sylhet, only twenty- 
miles away, the annual rainfall is only one-third that at the higher elevation. 

, The fibres from India show the large seasonal variation existing in a 
region exposed to monsoon winds. 
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In addition this seasonal fluctuation, the rainfall suffers annual fluctua- 
tions as indicated by fig, 2, \^iich shows typical records dl^anniial rainfall 
over a period of thirty years. Fr^m these curves H appears, as is-^generally 
true, that two, and often three, relatively flry years usually follow each other. 
Sir Alexander Binnie,*^ as a result of an extended Snvestigaijion, gives 

• • Proc, Inst^ C. 7 :., Vol. f'LVf 1903-4, Par^i. » ^ ^ ^ 

t Proc, Jtisi. C. E., Vol, CIX, i89i-j2,^Part HI. Ropifall, Reserrars* and Water 

(Constable & Co.^, London, 1913. * 
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facts eiTiergt: — ^ 

* I, Tfie wettest year has a rainfall about 50 per cent greater than the 

average. ^ • 

2. tRc driest year has a rainfall aboi^t 40 per cent less than the average. 

3. The two %vettest consecutfve ^ears each 35* p^er cent greater tfian the , 

average. • , ^ 

4. The three wettest c\)nsecutive years each 27 per cent greater than 

the average. ^ • • 

* 5. The twy ^driest Qpnsecutive yearsp each 30 per cejnt less than the 
average, 

6. The three driest consecutive yej^rs each 35 per ce^t less than the 
average. * ♦ ^ 

For British Isles these’ fifturfe are (i) 45 per cent; (i) 34 per cent; 
(3) 30 plT cent; (^p) 23* per cent; p*cr cent; (6) 22 per cent. • 
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9* Average Rainfall. — A tn^e value of the ayera^e rainfall at any 
particular place can only be ob^ained^as a« result of t long eiftencftd series 
hi observations. In temperate cliitiates the result of any one yearns obser-* 
vations may be 50* per cent abi^ve or 40 per cent below thr true mean; the 
mean of fwe years’ observations may be 15^ per«6ei\)t above or below the 
true meay; of ten years’ obsorvatioife, & per cent above or belov^; and ot 
fiftee© years’ db^er vations, 5 per-cent above or below. Jn tropicoJ clirnate;^ 
the error m^y be greater. It is oftly by observations extending ov^er from 
thirty to thirty-five years that a.value within 2 ^er cent of the mean can 

.be obtained. 

• •• 

W "■ 

* ^Fluctuations of Rainfall. Hfan Annual Fall taken 

AS Unity 


. 

Stations. 

Relati\e Fall of 
VV^ctiest and* Driest 

* - * -- — 

Avcratfc Fall of 
Two Wettest and 
Two Driest Con- 

/Verage Fall of 
Three Wettest and 
Three Driost Om- 

1 • 

1 

VW^ttest. 

# 

Driest. 

* secutive Year*. 

Wettest. Driest. 

secutive Yciirs^ 

Wette.st. Driest. 

1 . 

1 British Isles . . 

'•-15 

*66 

1*30 

•73 

1*23 

• 

•78 

' Norway, Denmark, | 

I ^ liollancb and Bel- 

1-48 

•61 

1*33 

•66 

1*26 

•75 

i gium . . 1 

1 France 

l-hi 

*59 

1-42 

•68 

*•3* 

*74 

! Italy 

1-59 

*55 

^‘39 

•70 

1*29 ^ 

• .76 

; Switzerland . . 

1*47 

•55 

1*35 

•62 

'•3,0 

•68 

I C}errnany 

1-39 

’61 

1*27 

*70 

1-21 

*77 

; . Austria . . . ^ 

'•44 

• 5 ^» 

1*33 

•68 

1-27 

•76 

1 Russia .• 

I ’60 

•53 

1-46 

'^>3 

'■35 

•68 

; India . . 

I -62 

! *52 

*■42 , 

•66 

1-30 

72 

I Africa . . . . 

1 *66 

*53 

**51 

•64 

1-42 

•68 

I Australia 

i.56 1 

*53 

*•39 ; 

' 7 * 

'•32 

*75 . 

1 United States ^md \ 
i Canada / 

1-41 1 

<1 

•68 

I -3 r 

*75 

'•25 j 

• 

•79 

1 South America and I 

1 West Indies * V 

^• 5 ^ ! 

i 

*55 ; 

**45 

•63 

'•35 

•:6g 

1 Averages 

1 

I- 5 I 1 

•60 . 1 

*•35 ' 

•69 

'•27 i 

•^75 


•when investigating a hydro-electric scl^ine the engineer seldom has 
access to a lon^ series of rainfall observations id the immediate vicinity 
•of the projected catchment area. In such a case tbc mean Snntujl ^fall 
can only be estimated by a compartson of such records as ihe can ‘obtain 
in the required locality, with others taken during the same period at some 
place similarly sitmtedy at •which a« long continuous* record ha^ been 
keptj If, ^during tliis period, • the V6rrespondj,ng rainfall at the reference 
station has been* say, 80 per cent ol^ the^tru?? m^an, tljp same rati* ihay be 
assumed between the observed and mearlNr^iiiifall^at the projc'cted site. In 
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this way, if all the circumstances he carefully considered, it is possible to 
obtain a^cloitk^ approximation ten the^inean^ rainfall. • 

• 10. ^ain -gauges should be installed with the mouth of the guagfi 

about I ft. abov<; the grbupd-level, and sufficiently remo*te from any build- 
ing, tree, or wall wfi^ch*migjij affect the raii>fall in its vicinity.. Anything 
Jikely to’^rojduce wind /‘ddies neaf a f^uage liable to cause erroneous and 
"enerally, deficient ^records. If for local reasons it is necessary to raige the 
level o£ the gauge,* the reading should* be modified, since every foot of 
elevation up to about lo^ft. causes a diyiinution of approximately^ i per 
cent in the rainfall recorded. 

• . . • • • . * 

In order to obtain « reliable mean, rain-gauges should be spread vith 

a fair degree of regularity over^ a district- In (ireat Britain oi^ rswft-' 
gauge Jo each looo acres of gathering ground is an adequate allowance. 
In countrie^^ possesgin^ tt^pographical features on a larger ftcale, this 
number may^ be reduced considerably. There is always a tendency, 
which should be guarded against, to place ^ain -gauges in the most accessible 
pliites. 'This usually, means that <1^0 higher parts of a gathering grotmd, 
over which the raii^fall is normally the highest, receives inadequate atten- 
tion, and the resultant mean tends to be low. 

1 1 . •Run-off. -Of the rainfall on a given catchment area, a part is 
eva|>orated or transpired from the surface of the ground or from the leaves 
of growing vegetation; another part, large in winter and small in summer, 
finds its way directly and quickly into the streams; while the larger part 
sinks iyto the ground, whence it very gradually seeps into the streams 
draining fhe area. It is this underground supply which enables stream 
flow to be 'maintained during protracted periods of slight rainfall. A 
portion, usually very small except in limestone formyW.ons, escapes ihrough 
underground fissures or permeable strata, and appears, if at all, in some 
other* watershed. In the majority of cases it may be assumed that the 
whple of the rainfall on a given watershed is either evaporated or ultiniatel} 
app^irs as stream flow or run -oft. • 

'I'he immediate relationship between rainfall and run-ofl' depends upon 
a large number of factors, including the geology, to^^ography, and size of 
the catchment area, the temperature, the vegetation, and the distribution 
of th(^ rainfall. Where the ground is impervious and steep, if large pro- 
portion of the rainfall quickjy finds its way into the streams, and^ especially 
on a small cfitchment area, the^run-oft more’ or less closely follow’s ^the 
rainfall. Such aid nrea is very liable to floods and to extremes of drought. 
On the other^hand, if tlTe ground is pervious and flat, and especially if the 
arui is^lar^e, it may#be weeks before ^he rain falling on its extreme borders* 
finds fts w'i6v'#into th» strefims. In siTch an area the extremes of wet and 
dry weather flow are much lcs,s marked than in one, for example, having 
an in^pervious ,cla*/ey .subsoil. • • ^ • 

d'he tfpe /d rainfa*! aj^so s^nsilfiy* affe^^ts tthr relationship. Tlyas a 
given 'amount of pj^xipit^tiort concerjtrated in a few heavy show^ers will 
give a greatei •.run-off tl^an £h% /ame amqunt fallifig in a continuc/lis but 
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mild downpour. A short showej* on dry ground will give no run-off, 
while rain falling on frozen grcyLind jy^peacs almost wholly ruif»off. 

• l>mi>erature affects the run-off in two ways: by its effect on the lotar 
rainfall and evaporation, and ^y the regulation .of flow v\;hich it produces 
by holding back from the streams, in wint^* wafer, in* the frozen ground 
and in th^ form of snow. In^such ^clihiate as that of the ea^tert^ United 
States and Caftigda, or of the northern part of Europe^ this eff<;ct is very 
^marked. Ill such climates the winter flow is usually "small. Th® rise of 
temperature in spring, by melyng the snoAvs ^ind releasing the ground 



waters, gives rise to the heaviest Jiows of the year (Hg. 3). Again, in a 
stream whtch is fed from a glacier or snowfield at a high elevaticin, the 
rising tenjperature throughout the summer months does much to equalize 
the summer flow. Such a stream usually undergoes a vvell-cfefined change 
in stage daily, corresponding to the daily Hyactuations 'in* temperature. 

Vegetation affects the run-off both by ifs effec*f on ^evaporation and on 
the distribution of floAV. It increases the evaporatioK and hente fedwees 
the total run-off. It increases the Ground storage by^renderinjj' the gnuind 
soil more pervious and absorbent, 'lliis effect is relatively greater on a 
heavy clayey soil thatj on orfe which ifi naturally light awd'^andy. cold 

clim^iies it retards the wicking of flii snqw, e^pccfally in forest' areas, and' 
thus reduces the tendency to flooding. *'riJerejs no satisfactory ^widence 
that it*has anv appreciable effeqt on the \o|,ar* amount of rakifall. It does,^ 
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however, tend to reduce erosion of a river basin, and to reduce the amount 
of silt q^irried' in suspension. ^ o f ‘ 

‘ The' discharge from a catchment area thus varies between wide lirnitaT, 
daily, monthly, ^nd yearly, and only bears a very indirect relationship to 
the rainfall. In this ^re^pect, ^ach area is a law to itself, and wbile rainfall 
records ‘kre .valuable, they are ‘nrft ih then^elves sufficient to enable the 
j^i'obable /un-off «md its variations to be^ determined with' any accyracy. 
The exception to this generalization is in the case of an area similarly 
situated to one of the same general characteristics and geological forhiation, 
and of approximately the same size, whose run-off has been j^auged, and, 
for which the connection between run-off and rainfall K5 ns been obtained. 
In such a case, the rainfall records on the second area will enable ils/un^ff 
to he determined with a fair degree of accuracy. 

'I'he curves of fig^ 3 shojv the average rainfall and run-off forotwo rivers 
of the eastern United States.* 'I’he curves AA refer to the Roanoke, with ^ 
a drainage area of 390 sq. miles, w hile the curves RH refer to the Connecticut, 
w'ikh ah area of 3300 sq. miles. - 

12. Evaporation. " The ratio oi the total run-off to rainfall over an 
extended period depends almost entirely on the evaporation. Unfortunately 
the amount of evaporation depends on so many factors, including the mean 
temperature, the exposure, the type and amount of vegetation and the 
state of its growth, and the velocity and htimidity of the prevailing whndtS, 
that only a rough estimate can be made of its value. 

Th(^ evaporation from a water surface is measured by determining the 
loss fronf an evaporation pan, usually about 3 ft, square. This may 
conveniently rest on floats on the body of water under investigation. ^ 
Evaporation from land is measured from isolated^ I'Tcas surrounded by 
deep ditches, where the w^ater draining off is caught and measured. The 
difference between the measured rainfall and the percolation gives the 
estynated loss by evaporation and transpiration. 

The average evaporation from » a free water surface is' approximately 
as fallow f: — * 


L ! 


1 

Mean temperature, F. .. 30 ’ 40" 

^ 1 

50’ 60'^ 

jo'^ 1 80' 

% 1 

Monthly evaporation (inches) 0*5 I'l 

, ' 1 

i ^’9 35 

1 ' 

5*5 8-0 

% 

— 



Records of evaporation from such surfaces in the Urkted States show 
valyes ranging from^zo to 40 in. per annum in the eastern States, and from 
60 to 125 in. in the dry western States^.f In Great Britain the value varies 
from about 10 to 22 in. The^ figures given in the following table show 
the mci^n montjlly^evaporation from water surfaces at th? Derw^ent Valley J 

• From reports of S. Weather Bureau. 

^ t Packer, Cimtrol of n 7 /;r»;i(Routlcdge), p. 191. 

t F. Sandemarxi ]\[.Itist.C.K., Prov. Inst. O. /s., 1912-3. 



RAINFALL AND RUN-OFF 


••13 


Water Works in Derbyshire, and at the Talla Reservoir in Dumfries,* 
in each case for the years 1906 to 1912. . . 


T ! 

1-cb. 

Mar. 

l_ 

April. 1 

• 

May. 

1 

June. 

July. 

Aug. 

f 

« 

Sept. 

Oct. 

Nov. Dec 

3 ’otnl. 

1 i 

1 Derwent V#Uey — 

- 

•02 

*35 

uoS 

1-70 

,1 

1-86 

2;37 

IV 

li^ 

'j -24 

• 

•65 

1 .32 __ 

IJ-SS 

1 Talla Reservoir *32 

; -31 

•.s6 

I'*s 

2-6o 

j 

1 2'8 o 

2 90 

2*2tt 

1 

1-42 j 

•95 

1 M2., *-45 

1 « 5 - 64 '’ 

1 


During tfiese years the annual evaporation at the Derwent ragged from io 2<> to jg'62 
in., and? at the Talla Reservoir, from 13 00 to 22-91 in. 

* • t 


The evaporation from p;found surfaces depends krgely* on the nature 
. aji3 extent of the vegetation, and also on the amount and distribution of 
summ?f*‘ rainfall. Experiments show fhat during the growing season 
cereal crops 'absorb from 15 to 25 in. of water, timber from 9 to 12 in., 
while long grass may absorb as much as 37 in. »Tht average evaporation 
from a moist bare earth surface^is about 60 per cent of that from a water 
surface, while that from a moist surface covered with short grass ws about 
90 per cent greater than from a w^ater surface. While little definite infor- 
mation is available, it would appear that in the norm\il catchment area in 
temperate climates the \otal annual evaporation may be taken as^equal to 
that from a free water surface without any very serious error. In hot 
climates the evaporation from the catchment area as a w^hole will, in 
general, fie much less than that from a water surface of the same area. 
In such climates the apparent evaporation from the water surface of a 
reservoir is often much greater than that tleduced from evapynTtion-pan 
tests, owing to seepage into the surrounding ground, and tp evaporation 
from the luxuriant^growth of vegetation to which this gives rise. This 
effect is most^pronouiTced in a long and narrow reservoir, in Great Britain 
experience shows that the mean animal evaporation from the normal* 
moorland catchment area varies from 12 to 18 in. The lower value applies 
to steep and impervious areas, and ^he higher to areas having flat'^nd 
pervious slopes. * 

In view of the influence of vegetation in affecting the evapofatioii, the 
water year may corWeniently he divided into two periods, one embracing 
the six myntlis of more or less vigorous growth when evaporation is large, 
and the other the remainder of the year, when evaporation is comparatively 
small. • ’ * * 

• Vermeulc,f as a result of an investigation of a nuryber of catchment 
areas in the cii^tern United States, gives flic formulas: 


K = j 5-5 I o*j6 R for tfie whole year, « 

E 4-2 r,o -7 2 R for the jferiod Deceiftber to May infclusiv"t, 

E ^ 1 1'3 + 0'20 R for the period June to November inclusive, 


whcTe E 5 nd R are ih^ tc^tal 

♦ W. R. Reid, 7 W. Inst. C. A'., 

• • 


4‘vap?)rxtion and rainfall in these periods. 

• "(ifR^orl pf Weol. Survey of New' Jersej', 1904. 


1912-3. 
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He states that these figures apply to a climate whose mean annual 
temperature is approximately 50" F., and that for any other mean tempera- 
ture they are 4 o be, irialtiplicd by (005 "]r<— 1*48), Where is the meai\ 
annual temperature. ^ ^ 

A more exteiidecl investigation,* howover, indicates that while the 
evaporation does increase witlv temperature' and rainfall, othfcr factors, 
iimong which humidity,' wind strength, and mstribution of summar rainfall 



fTjjj — Kun-ort, Kjinfall, aiul F\JiM>rjtion Measurements on River Derwen* Watershed, Dcrhvslnre 

, Means of re.idinu'^ from 1906 to loi.: 


are probably most important, arc liable to produce large and irregular 
departures from any such genera^ law. 

13 . Ground Storage. — The difference between rainfall and evapora- 
tion is available for providing run-ofl\ Owing to the influence of ground 
stor<tg€,‘ the run-off in any given month is, however, not usually equal tr> 
the difltrenctr [between the rainfall and evaporation in that month. "I'his 
point is illustrated by the curves of fig. 4, which show' the rainfall, the 
evaporat^ion, the ^difference betw^een ra,infall and run-off, and the measured 
riin-oif on ithe watershM of the River Derwent in Derbyshire. The 

* [1. U^ate) Supply amijhngatifm, Paper No. 80. 
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values are the means of monthly readings taken over a period from 1906 
to 1912*. The catchment area consists of rough moorlapd with consider- 
ate areas of peat, and* with steep ^slopes. ‘The total 'arga is about ^50 sq, 
miles, and the meai^annual rainfall over this period is 44*63 in. The eleva- 
tion of the area ranges from 540 to 2060 ft. The «vaporation was measured 
from a watt%'-tank at an elevation of 800 •Tltis e*^af)oration does not 
necessarily^ represent that on tte catcTiment area, it has, ho\yeYc‘r, been 
^^sumed for purposes of illustration that this is the Cjise. Frfcm these 
curves it appears that from the beginning of the year to the end of July 
the run-off is greater than the wiinfall less evafM>ration. This indicates 



that the ground is giving up stored water as represented by tl\e vertically 
hatched areas. From September to the middle of Decend^er tht* nin-otf 
is less than the rainfalt less evaporation, and ground storage is taking place 
as represented by the horizontally hatched areas. 

Vermeule has suggested a general 'method of deducing the m()hthly 
run-off from a knowledge of the inonthly ^la’intall and evaporation by 
taking into account the effect of grouial storage. For .this he divides 
catchment areas mto three broad classes: " t * 

I. Highland areas of bold refief, and overlying impermeable'stratar. 

II. Areas overlyyig permeable stfata, but wi??h n(-* lakes qr^Tswamps. 

Til. Areas overlying permeable strata with large swamps or surface 

storage. This covAs jmoorla'hd areas it h small lakes imdplcep accumu- 
lationft of peat. ^ • • * * 


• Pf{*c. Imt. If. iT., 
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For each of these* Vermeule gives a curve (fig. 5), the ordinates of 
which represent d^e monthly run-off in. inches, while the abscissae represent 
the dej1ej:ion of the ground storage D, also in inchesi 

Calling the monthly ground supply / inches, let be the depletion at 
the end of the montfi preceding the one under investigation. Then 
the depletion^ at, the end of the month under consideratoon, will be 
Tho average (fepletion oyer the month will h.- approxi- 

j) dj .r d.y 




/ r /■ - r 
* 2 


The method of utilis'ing Vermeule s results is best shown by an example, 
such as the 'case where the catchment jvrea is of Class If, and wliere the 
njontWy rainfall and evaporation ^are as given in the table on p. 17. » On 
the assumption that the ground stoi^ige is full at the end of the year, and 
does not begin to be depleted until the end of .March, we have, for the 

month of April, 2-o<S; -87; -- -hj; 

I) ^ -(n. 


From curve If, fig. 5, we find, by trial and error, that / - 1*99, D - •3(S 
satisfies the condition, in that these are the co-ordinates of a point on the, 
curve, and satisfy the above equation. Then, since - dj — e ] / — r, 
while r/j = o, we have 

d.y ' -87 r 1*99 “ -'08 

•78 in., 

or the grountl storage is depicted by -yS in. during the month. Now, 
CNamining tlie next month, x\e have f/, -yS; r — 2-So; c — i'95. 


D 


f '• 


.■78 i 


•42. 



From'the c*n>ve we find that f 1*40, I) 1*05 satisfies the conditions. 
Then again, since d> - d^ ^ f ' '' t* have 

- d ^ - w| 1-40 “ 2-86 
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as the depletion of ground storage during May, so that at the end of 
May the total depletipn is 78 ^ *55 V 33 >"• Itoc^edins in ibis ^^ay 

troiTi month to month, we get th* fibres of the following table.’ * 





• 

Run -OIF. 




KTiintall. 

/apor- 

• 

• • • 

• 

Depletion of 

j • 

ation. 

r • c. 

• 

• • • 

1 ‘Voin Cj round 
Storat^e. 

• 

(iropnd ?itoraj.re. * 

'* 


Tneht's 1 

lilt h< V 

inches 

lliclu's 

iti*. hts 

iriclle^ 

• Jan.* 

2*79 

*44 

-*45 

0 

^*35 

©(full) 1 

; Feb. 


*43 

I ’<14 

0 

1-94 

0 ,, 

I ]\lar. 

‘•2-0^ 

• *54 

• 1 '50 

0 

. 1-^0 

i • 0 „ 

I 5 \pril 

2’o8 ' 

•87 

1 -21 

o•7^4 

1 ’99 

!• •;« i 

1 

• 2’So ; 

1*95 

0*85 

•0*55 

1-40 

1 -33 1 

June 

2’,S4 ' 

^*.S7 

0-27 

0-76 

i‘03 

i 2 - 09 * , 

j July 

. 3*07 

3-^4 

0*07 

0-87 , ^ 

O’^O 

i 1 

1 Aug. 

3*o.S , 

2-71 

0-34 

040 * 

074 

! . 3-36 

1 Sept. 

3bS 

i’8i , 


•60 

0*74 

2 -j(> 

! Vet. 

4’o8 

1 • 10 

2()S 

^ i ’9<S 

1 -oo 

•7«* 

1 Nov. 

3*7 

■78 

2’39 

• * 0*55 

1*84 

•23 

j Dec. 

2-7« 


2*22 

0-03 

2- u; 

*20 

1 'Fotal, 

34-^-’ 

16 ’90 • 
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• In tlus*particuL 

ir case it 

will be 

seen that tlie ground 

Storage is slightly 

depletetl 

at the end of the y< 

•ar. 'r 

he figur(‘s show 

that tl 

le ground storage 


is drawn upon from the heginninj^ ol April to ilie bcejinninu; of Scp^«nd>cr, 
whicli it lic^ins to replenish. 

9 'Idle curves oF fiti;. 6 show, lot this jiartieular case, the nionflily rainfall; 
(he rainfall less evaTaw'ation; and tlie rain I all less evaporation p:us the 
aniounl drawn from 5];round storage, which jjjives the net run-ofl. It is 
exident from tiiese curves, that while t^roiind storage does not ailed the 
total run-off over a lonit interval ol time, it xioes profoundly modily the 
finet nations of fnn-oif. * • * 

Jn adoptint^ X'ermeule’s method, everything, howexer, depene^s on the 
accuracy t>f the* assujnptions, and wliile it has been shown capal^le of 
ftviu^ j7()od results for areas similar to those from which the orifainal da*ta 
were obtainTal, its general apj’ilieation can only follow an extendeil ir^esti- 
cation on pther types of watershed. •It may^lx* emjihasi/ed ai^ain at this 
^ta^^e, that measurements of stream flow* form the onlv reliable data on 
which any close afiproximation to the wale available ^an be based. 

13a. Flood •Discharges.- 'Idle flood discharge of a ijvg- tnay be 
stnne hundred times its average disedfarge, and since 1?he spilbvays^in flic 
liead works must b.c capable of dealing with ^lie ^laximipnf diseliarge, 
it is im})ortant that some idea of the flood* discharge shoiijd be obtained. 
Many efforts Iiave 1:>e(;n made to dt'duce some expressifTn for this, •)^hieli 
woulj be applicable to all •streams,* *but#nont^ of ^le fonmilai suggested 

* Tram. Am. Sac. C. E., 'f^of pp. 564 Hr)i ;4 ^ 

• ® • 
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have proved of general application, owing to the many varying factors 
involved# Mr. J. 'V. fA^histler,*^from aA examinatioji of some 600 records 
•of Ame?ican and Etiropean rivers ancf streams, suggests the formulae: 


^max. 

9 






f • 

I 0000 

M + 1000 




for the maximum flood dcscharge, and for the mean rate of flood discharge 
during the worst twenty-four hours. 'The latter is in 42;eneral the value to 
adopt in the design of'spillways. Here M is the drainage area in sqnarc i 
miles. , .r 

The value of C varies from approximately i-o to 5*0. Its value in any 
particular case can only be determined from observations on streams having 
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drairige areas wich similar characteiivStics. '^Ihe following table* shows the 
maximum flood discharges for a number of*rivcrs, mainly European:-:- 

f Engftieprwfi Record' Vol. LXXXIII, July, p. 28. ^ 
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River, 

» 

1 

• 

• Caua|;r\^ * 

• 

Djtes.^ 

Dra^iaiyre 
Area, • 
sq. miles. 

JFlood Dis 
. charge 
lec. ft. pe 
sq. mile. 

1 Loire 


• ■ 

r ranee . . . . ^ 

• ? • 

i • 

1 ^945 

46 

, Durance . # 


Bonpas, Franc^ • -r * 

imi6 

! 57*4 

« 37 

Neckar 


Germany 

. ? 

4770 - , 

33 

' Loire * . . 


France* 

184(1 

2220 f 
1620 

1*3 

, Rhine • 


Ciermanv 

? « 

75 

A)mbrone . .• 


Italy • 

? • 

l()20 

• 43 * 

' Ardeche, 


F'rance 

iS 27 

938 

2b4 

Towbrapoorny 


India . . • 

? 

5«7 

324 

Kinzig 


C rermany 

? 

550 

77 

Teslin . ? . 

• 

Belluizona, Italy 

. 

54 * 

ib5 

I iaujwtzer 


(Germany 

iS8o 

f8i 

bo 

Olsa . . 


CJertnany .. 

? 

435 

77 

, Kinzig . 


C Germany'' 

? 

3 Sf> 

100 

; filer . . . • 


Germany 

? 

3^7 

74 

' Ubaye ^ . 

♦ . . 

Mouth, France 

Mouth, France 

iS^ 

3 b 1 

*27 

' Bleone 


>« 4.1 

35 * 

I ib 

1 Irntv 


India . . 

P 

33 ^ 

4.50 

I Ostravvitza . . 


Crermany * . . 

1804 

3*3 

1 10 

1 Olsa • , 


( iennany . . ^ , 

? 

2 i)l 

•72 

Murg 


(Germany . « 

f 

246 

100 

Serein 


I'rancc 

? • 

226 

7 « 

(’ure 

• 

France 

P 

208 

77 

Bruna 


Italy 

P 

l8q 

i8«> 

Klz 


f Germany 

? 

*«5 

• 86 

Murg 


C Jerrnany 

? 

1S4 

123 

' Queis 


C ierniany 

1888 

*« 3-5 

164 

! Ardeche 


Aubanas, France 

I 890 

178 

694 

' \V*icse 


Cjcrmany 

? 

ib 3 

loH 

Brenne 


I^'rance . . . . . . ' 

1874 

*45 

8b 

Mandan 


C ierniany . . . . . , ' 

1800 

I 19 

lii»S 

' VVittig 


Ciermany - . , . . . 

I8SO 

122 

• 123 

Queis 


C ierniany . . . . . 

1 888 

116 

164 

^ Serein 


France . . . , . . i 

p 

108 3* 

98 

Stream -n 


Switzerland . 

? 

« 7*'5 

. 10 

^ . 

. . • 

Germany . . . . . [ 

iSyf) 

(>3 

*35 

Phessnitz 


(ierniany . - . . . . | 

i8()o 

I 58 

820 

Mandan 


(iermanv . . . . . . | 

1887 

502 

210 

Zacken 


Ciermanv , , . . . , j 

p 

42*5 

490 

Bargaghno 


(ienoa, Italy . - . . . 1 

Balingcn, Wurtemberg . . I 

i8<>2 

3 5 b 

4H5 * 

Lyach 



347 

35b , 

Allacientc 


Italy , . . . . . . . ! 

p 

3 24 

2 bO 

'Porside and Rh’d Reservoir 

England . . . . . . ! 

i8s2 

24- 1 

I bo 

Landwassar 


Germany . . . . . . | 

1887 

20-1 

• 3b 5 

Medlock . . . • 

*• 

England . . . . . . I 

»«57 

1 8 8 

1(10 

WooHhead Kescrvoir 

1 

England . . . . . . i 

1841) 

1 1 

320 

Brook, near . 


Dublin, Ireland 

I Hi) I 

loS 


Kurens 


St. Etienne, Franoc . . 

1840 

9 b ' 

47 ^ 

Bargaglino 


Above Cienoa, Ijaly • ■ ••• 

1 8y2 

S-S 

732 

Stream in 


Hungary . . • . 

1^75 

7 « 

400 

Kem|Ltz 


(iermany 

1887 

* 7*4 ' 

Q *5 

Lyacn 


M argarethausen , VV iirtemberg 


. 7-3 1 

789 

Nebenwasser 


Germany . . . . * . 

•.S87 

7-2 i 

490 

Spree 


(iennany ^ • 

1887 

(rf 1 

• ‘23^ 

Landwasscr 


(ierrnany 

1887, 

bi ; 


Kemlitz 


(iennany .« . 

? 

, i8if7 

5'4 ;i 

980 

Landwasser * 


( ierrnany . . . . . l 

( ierrnany . , . . , 

3 -?t ! 

895 

Wittgendorfbiich 


1887 

pb 1 

1010 

Schopsbach 


(ierniany 

1887 

• 3-3 , 

455 

Dittelsdorfwasser . . 

. .* 

(ierrnany . . * 

1887 


I [44 

WillgendorfbaJh 


V*eninanr 


1.-3 

1115 


%„ 
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HYDRO-ELECTRIC ENGI*NEERING 
I CHAPTER III 

1 he I^lovv T)f Water and its Measurement 

flow; of flow* ratinj^ tables; gauging stations. 

j • • 

14. Stream •Flow . -As indicated in Chapter JJ,«^tlie flow of any 
natural stream sufl'ers large seasonal variations, while the flow at a given 
season varies largely fr^m year to yeap. 'The variation depends largely 
on the size and type of watershed, and on its climatic and p,hysical char- 
acteristics. 'i*hus the* hydwjgraphs of fig. y* show thK variation of* flow* 
in the case of the Ebro (north-ftast Spain), shown in full lines^si^d of the 
Rhine (at Basle), dotted lines. I'lie excessive floods in Blic case of the 
former river are laVgely cfiie to extensive deforestation of its Watershed. 

lilven in* the case of a stream in a state of normally steady flow, the 
^ow is never perfectly steady and uniform, but takes place in a series of ‘ 
pulsations, whose jleriodic time* may vary from a few seconds to two or 
three minutes. 7 'hese pulsations are due to a variely of causes, to eddy 
tormafion at the sides and bottom of the chanpel, lO hollows in the bed, 
and to bends and falls, all of which produce some irregular disturbance 
of the flow. In addition to these fluctuations, others of longer period are 
produced by the action of the wind. In a stream ted from a 'large lake or 
reservoir, these latter fluctuations may be comparatively large. I’hus in 
a stVeavi whose mean level is constant, the velocity at a point near tlie 
surface luity vary periodically by some 20 p(‘r cent, and at a point near the 
bottom by as much as 50 }>er cent in a short interval of time. Thesi. 
fluctuations of velocity are accompanied by flueVuiitions ,of surface le^el, 
even in a stream in a state of normally steady flow. 

15. CauginJi of Stream Flow. -'The method to be adopted in 
^stream gauging depends on the size ol tiie stream, its state, and on the 

degree of accuracy rccjuired. 

Where the installation of a weir capable of taking the whole flow is 
feas^lble, this forms the most atT urate method. Iv>r a ?.tream of medium 
size the rectangular weir is most suitable. For small flows the triangular 
notch has advantages. Where 'the precautions outlined on p. 74 are 
taken, weir, gaugings are fio^; liable fo an error of more than 3 t,o 5 per cent. 
]’\)r large stretmis the weir becomes too costly as a temporary meaijuring 
device, and if no* penuanen^^ weir is available the only way of obtaining the , 
diticb;u;ge !s to measure the mean velopty of the stream and to multiply 
this, bv the cross-sectio,naI area. '"Phe mean velocity may be obtained in 
a number of ways. 

By curruiit meter. 

V) By Iloals. ■ 

IE' colour or chernicffl iitethods. 

* l^nyintcninfs Scptcnibi-r, o;i7. p. 203- 



FLOW OF WA^ER AND ITS MEASURFMENT 


•3T 


(d) By measurements of the 
slope of the stream, and by the 
use of Rutter’s or Cnezy’s for<- 
mula (p. 58). Tihis method is 
unreliable except in the case of 
an artificial • channel of uniform 
section. ^ 

• ^ 

Bef^)re considering these 
methods in detail, a few genera? 
observations as to -their relative 
advantages may be made. Owing 
to tlic pVilitations of velocity exist- 
ing wath norfnallv steady How', a 
light float,* which lends to record 
the velocity due to a single pul- 
satic^n, may gi\e results seiiously 
in error, and in order to obtain a 
fair estimate of the •mean velocity 
over a given stretch of tlia* stream 
by means of floats, the average 
of a large number of observations 
must be taTven. Also, in connec- 
tion with float measurements, it 
is necessary to take soundings at 
^ a sufficient number of sections to 
S^ive a true mean of J^he cross-sec- 
tional area of the stream over the 
whole reach. For these reasons 
the float method is not well 
ada[)ted for t^hserv ations in a 
channel of irregular section, or 
in a rising or falling stream. 

With current meters, on the 
f)ther handle the mean velocity at 
any point may be obtained with 
great accilracy if the period of 
obefervation is sufficient to cover 
a series of pulsalions of velocity. 
In general the time of a single 
observation should not be less 
than five minutes, and a ]>eriod 
of from six to ten •minutes ii ad- 
visable. This method^ hjs Jfhe 
adva*ntage that oVily a single cross 
sectioft needs to be determined. 



It\ ar. )graprs of Rj' ers Lbro and Rhine 
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By injecting colour into a stream and measuring the time taken by this 
to traverse a, known ^istance, the mean velocity ca^ be obtained, and if 
the injaction is vSufficient to colour •an appreciable portion of the cros^ 
section, and if the section is regular, this method is, capable of giving 
excellent results! It takes little time, no delicate apparatus, and is much 
to be preferred to fh« use of*ftojt^. ^ * • 

Whatever method 6f velocity measurejiient be adopted, the accuracy 
^)f the reifults depends largely on the physical characteristfCrs of the streanv 
at the f)oint of measurement. 'This should lie on a straight reach, away 
from the influence of he^ids, bridge piens, or dams, and the bed should 
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be permanent and not strewn with boulders or overgrown with weeds. 
The bauks should be sufficiently high to prevent overflow in times of 
flood,, and the general shape of the cross section such that at all stages of the 
stream the velocity at all parts of the section may be easily measured. 

Current Meiers. Various types of current meter are in use. 
Probably the, most generally vsed is the Price meter (fig. 8), The meter is 
suspended from, a rod or cable, and is provided with a guide vane wkneh 
keeps its axis perpendicular to the direction of the current. The instru- 
ment rtuiy. b6 obtained wath the wheel geared to a counter w hich records 
the reyolutlons directly, apd is put into and out of gear by means of a cord 
from the poifit of suspersion of the meter, or may make and break the 
contact in an electrical circuit at each fifth or t^nth revolution, thus enabling 
the ntfnbcr of revolutions to be indicated by means ot a buzzer or telephone 
carried by the observer. The„lalter type is novv almost universal. 

The instrument previously -caKblatcd by towing at known velocities 
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through still water, the number of revolutions corresponding to these 

velocities being recorcjed. It has the disadvantages jhat it cj^inot be used 

where floating grass or weed i 5 pre\^lent*, and that it, requires rating at 

frequent intervals^ Further, it is unsuitable for very low velocities. The 

minimum permissible velocity depends on the type^of meter, but in general 

varies from^ to 6 in. per second. %•♦***•* 

17 . Meter Observations.— Fhere are two melliods of using ihe meter, 

rfiamety, the “^oint and 

the “ integration method. 

In the point method it 

is held suoccssivelv at ccr- 
.... " 
tain points in a cross section. 

ln*a shallitw stream this may 
be done by rtiounling it on 
a staff wRich is carried by 
an observer in waders, and 
wh^h is held vertically at 
the required points with 
one end resting on the bed 
of the stream. In deeper 
streams it is attached to a 
heavy sinker, and is sus- 
pended from a convenient 
bridge or from a car carried 
by a cable across tlie stream, 
or from an outrigger fixed 
to an anchored boat where 
the width precludes tl^iis. 

Where the velocities and 
depths are considerable, a 
stay line is neejssary to hold 
the meter in the vertical. 

At a cable station a second 
light cable is uSed about 30 
ft. up-streijm from the niea- 
s 11 ling section. This carries 
a light ring through which the slay line is iuo, as shown irj fig. 9. At a 
brklge station the stay line passes through a pulley carried on an outrigger 
fixed to the brieve. • • • * 

When the “ point ” metlioj is used, the meter may titlier be held 
(i) at several equidistant points in^a number of equfdistant \ertic^s,*lhe 
mean velocity being deduced from these readings as explained later; (2) 
at six-tenths, or aj mid-depjh in a scries eff equidistant ve/ticals, the mean 
velocity i« each of these verticals .tljen being foun^d b/ applying if .factor; 
(3) *31 the surfiXte and *boitom only, or^lit Jtw!)-tenths and •eight-tenths of 
the dfpth in a series of verticals; (*|.)*at.the surface only. While the first 
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\ t 

method gives the most accurate results in a steady stream, the length of 
time neccssarj' to obtain the many observations is a i^erious drawback, and 
renders it unsuitable in a stream which is u-islng or falling. 

In a muddy stream, where it is impossible to see the bottom, owing 
to the impossibility of iisi^jg the meter very near to the sides and bottom 
where the velocities ave least resn,hs tend to be too high. *’To obviate 
this the meteor should ndt be placed nearer y) the siirtace than i ff. 

* The def>th of the filament of mean velocity in any verrfeal varies 'fronic 
about *70//. In the great majority of cases it lies betweep -55//. 

and increasing witlv'lhe depth and diminishing as the roughness of 

the bed increases (p. 64). (.Generally speaking, the velocity at *6 of the 
depth will gi\e Chc mean veh^'ity in that vertical within 5 per cent, while 
the velocity at mid-deptli multiplied by -(jb will give the nieati velocity 
within about 3 per cent. 

Method (3), in which the surface and bottom velocities are measured, 
is only suitable for very shallow^ streams, l^xperiments show^ that the 
results are fairly accurate il the bed is smooth or gravelly, the depth from 
•4 to 1-0 ft., and the velocity from *5 to 1-5 ft. per second. With a gravelly 
bed the meter shoutd he held woth its centre from 3 to 4 in. above the 
bottom and about 2 in. belov\ the surface, while with a smooth bed each 
distance should be about 2 in. hVir deeper streams the mean of readings 
at *2 h. and *8 h. is in close agreement with the mean velocity in the vertical, 
and this method is very often adopted for general stream gauging. 

While usually inadvisable to use the surface velocity alone for com- 
piiting^ihc^ discharge, it is sometimes impossible in times of flood to make 
any other measurements. 'The meter should then be sufficiently submerged 
to eliminate any disturbance of the surface, l^xeept jis affected by the 
wind, the surface velocity multiplied by a constant wiiicli varies from about 
« -85//. in a sliallow' stream to -95//. in a deej> stream (p. (14) gives the mean 
.velocity in a vertical with a fair degree of approximation. 

In the “ integration ” method the meter is kept in motion during its 
inunersion. It should be moved slowly and unilormly from the surface 
to the bed of the stream and back in a series ol verticals. 'I'he recorded 
velocity is then taken as the mean lor the parlicukii* vertical. Although 
an 'observation by this method can be carried out in less time than bv 
the pdmt method, the results arc not so accurate. The recorded velocity 
is the resultant of the v'elocitn\s of the water aud of the meter ?ind, with 
a meter of the Price type, is higher than the true velocity. 'J'hc metliVid 
"“Should only be used vvheJ'c a stream is rising or falling rapidly and where, 
in conseai.ianc< the speed with which tht> observ ations can he made is a 
great advantage. 

Sinuiltanc()visly with the meter observations, soundings 
should be madcAVom which thv cross section of the stream may be ob- 
lained.11^ In a narrow' stream these shoifld be taken at intcrvails of from 2 
to 5 fj., whikwvhere the b?eiulth exceeds 100 ft. the interval! should be 
from 10 to 25 ft., dc*i^endiitg on the crfegularily of the bed. A graduated 
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rod is used in depths up to about 15 ft., and a weighted cable in greater 
depths. With a cable the weight shoulcl be lowered until !*esliyg on the 
bottom, and a point marked on* the tSut cable opposite 'some fix5d point ou 
the observer’s ptatform. 'i’he weight is then raised until touching the 
surface, and the length of cable passing the fixe^l poipt*in the meantime 
is measurefl. In sounding with the rodf care shodld be taken, that lh¥> 
is verticil. Where the bed » soft it is advisable to fix a shoe on tlic 
• bottom of, the' rod to preveift jil sinking. For a .permanent ^ gauging 
station it is sometimes desirable to grout the bed of the stream for some 
little distance above and below l:he section in ofder to secure permanence 
of regime.* 

*18. Field Notes. — 'i1ie following is one* method adopted for entering 
up field observalir)ns and computing uTean velocities in the case where 
velocities are measured at several points on a cross section. 

(jaiiging made 14th Janiiar\, 1^14, by X.V.Z. Meter No. 34(; on f.sk River. 
Gaiige height: begiiimiig 2-ro ft.; end 2’ih ft.; river rising. 
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’ These observations are recordetl lor a series ol \erticalj in tin* cro.ss* 
section. 'The]^ are then plotted on .vi^ared paper, depths as ordinates 
and velocities as abscissie, and a smooth curve is drawn tbrongh the plotted 
points, care being taken to give them as nearly as possible ecpiah weight il 
they do not alf I, ill *011 a smooth curve. I' rom this curve v^elociftes ^are 
read of]' at, top an<l bottom and at equal intervals ol, say, each -5 tt., and 
arc set down in order. Thus Irom thC above curve we get: 


0-0 

2*90. 

*5 

2*5S 

0*5 

2*SS. 

2*0. 

2-5 

I *0 

-■? 7 * . 


- 1*SS 


30 * 

*' 3 i- 



'Fhe mean velocity in tlii?; vertical is then computed tro’m the prksmoidal 
forniula fhr seven absci,ssj?» as* folUAv?;: 
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In this case we have: 

I • 

V, rvt - 2-90 -Ij 1-31.= 4*21 
4(?i, f- W;) r 4l2-88 -(- 2-58 i- 1-881 ~ 29-36. 

i(v2 r -■ 2I2-77 2-25! - 10-04. 

‘ v,‘ «2-45 ft. per sec'ond. 

t « 

* The cros's section^ having been plotted, tljf" areas of the various compart- 
Tuenls hiiving such teilicals as their cen*trc lines may be obtaitied, either* 
by direct measuremenl * b); planimetcr, or \;>y calculation, and the distharge 

calculated as follows: 

* 


( 'ornpart- 

Area oi Sectiog, 

Mean VelocilN , 

OiVchart'c, 
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feet per seem id. 

c.f.s 

I 
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iqq 
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6 

i 
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**33 i 

i‘ 7-9 

1 

j 

'i'otal 3ii'OC.f.s.j 


When the vertical velocil} -curves have been obtained, the ''dischargt 
may be computed more accuiately by considering tlic discharge between 
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any two such verticals as being represented by the volume of^the solid 
having these turves bounding opposite parallel sides, as shown in fig. jo. 
^i"or example, the^discharge between the verticals 2 and in this figure is 
given by 

L<*.I ■ / 

3, H t'.A'i "! c.f.s., 

where t’o and 7Jf arc mean velocities in the verticals 2 ynd 3, and where 
are the corres^ninding soundiitgs, 0^3 l}eing*the distance between 
the vcr^i^'als. The discharge bH«t\?<'en the twM) end soundin]ys is then giTen 
by the sum of speh ferms as fhe ^K3f e^betw een these soundings. T/j this 
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must be added the discharge over those sections outside the end soundings, 
which is given by ^ ^ 1 

J X ofif -f- X c.f.s. » 

19. Float Measurements. — Floats may be divided mio three classes: 
(i) surface lUoals; (2) sub-surface floats; floats. * ^ 

Surface floats consist of ar]y easily-seen light floating hodiejs of small 
,size, f>o as to move with and register the velocity of th#? surface* filanientsf 
7'hese are liberated at a series of points across the stream at the h*ead ol a 
long straight reach, whose lengfli should be neft less than about 200 ft., 
and the time occupied in^ covering a 

measured distaikV is noted. The sur- » V ^ » 

fa(!e velocity in each of a number of 
vertical sections is obtained by repeated 
observations, and the mean velocity in 
each vertical is then obtained by mulli- 
plyjpg the surface velocity by a factor 
varying from *85 to *95, depending on 
the depth and condition of the channel 
(p. 64). The stream j^clions may be 
marked, in a channel of moderate width, 
by ro]H"S hanging from a bridge or tem- 
porary sup})ort and trailing in the stream. 

In a large river this method is imprac- 
ticable, and observations with the theo- 
dolite are necessary to determine the 
* path of the float. 

' "^rhe effect* of the wind on the sur- 
face velocity, together with the tendency 
of the floats to follow every cross cur- 
rent and to be deflected by every sur- 
face eddy, renders this method of measurement very unsatisfactory. 

Sub-surface floats consist of bodies having surfaces of larg*^ area, as 
illustrated, for cNample, in fig. ii, attached to small surface floats for ease 
of observatjon, the length of connection being adjusted so as to allow the 
true float to remain at any given depth. The velocity of the floa*t will 
then be approximately that of the current at.the required derjth. A series 
of finch floats liberated at different points in the cross section of a stream 
and at different ^depths may be used to givt*, by jtheip mean velocity, the ’ 
mean of that of the stream; or b^y arranging a single row, the depth of each 
being *6 that of the .stream at the pojnt of introdpetion; these may be; taken 
as giving the mean velocities in their resf>ective sections. While this type 
is more reliable thjm the surj'ace float, it suffers from the disadvantage that 
it is impossible to determine the ey^(;t position or pepth‘of the lowe/ float,, 
for while the pcTsilion oV tfie upper floal;,^;:ty be known, that of the, lower 
float varies with the direction and v^hxrity^ of thd wind,*and with the length 
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of connecting cord. Also, the upper float drags the lower whenever the 
latter is pi a legion of lower velocity, and since thisj is the case over the 
greater part of the depth, it tenis to* makd the velocities of flow recorded 
by the float too high. Experiments show that the erroi;s involved by the 
use of such floats*may be bfctvveeii 5 per cent and 25 per cent.* 

^ Tlie r(\d JJoat consists of a Ifighr vv w>den rod or tin tube about i in. in 
diameter, jmd made in adjustable lengths. ^ The lower end of tht* bottom 
Section is weighted, ^ and the length adjusted until the rod* floats verttcally, 
with its lower end clearing the bottom by a feu inches. In a large river 
where these are not likelyHo interfere with navigation, logs of wood about 
12 in. in diameter, having their lower ends weighted with iron and their 
upper ends painvetl white, may be used. ‘ 

The velocity of the rod is approximately the same as the mean over 
its depth, and gives the mean velocity over the vertical in which it floats. 
'The difliculty in usihg the rod lies in its tendency to drag over shoals and 
weeds, and (('"obviate this its lower end mav be arranged to float at a height 
//^ above the bed. of tin; stream. 

h'or such a case ITancis gives the empirical formula 

7V(^I-0I2 -llh^ 


giving the mean vehKity in the vertical containing the rod in terms of the 
velocity of the rod v,, //,, anti h the de[>(h of the slreau). Mere should 
be h'sS'than -25//. 

In channels of moderate and unilorm dt‘})th, the rod float is ca]>abie 
of giving results in close agreement with weir gaugings.f 

20. Measurement of Velocity by Colour Injeclion. ^ The veloeitt 
. may be determined by injecting colouring matter into the stream, and 
^noting the time this takes to traverse a measured distance, h'or successful 
results the colour must be injected in a single burst. The varying velo- 
cifies across any section, and the nuxing ol the filaments, cause the length 
of the colour liand parallel to the axis of the stream to increase gradually 
with ifle distance ilown-stream from the point of injection.* At the down- 
stream nnaisuring jioint, the times at which the first and la^t traces ol 
colour jiass, and also tlie time at .wliich the point of maxiinuni colour 
passes, should be noted. 1 h^* mean ot the first two should agretf with the 
thiid, and gives ijie time retjuiretl. In clear water a solution of pcrnun- 
•*gnnatc of potash nwiy be used. In waters discoloured by organic matter 
or vegetable ^stains, red or green anilim; dv(‘ gives good results. The 
mertu^ IS vyell adaj'ited to llie measurement of tlie flow in a long penstock. 
It can be usca in a povvec plant without anv iTiterruption to the ordinarv 
load, and reciuires no special apnliances except for iniec'tinn the dye near 

f u (iu>r r>upfyiy am ynji^ftwn, Caper i\o <>5, pp. 4,S anfi 
■| / .V. Wati^ /rn4V//Aw;;*r.iper \o c>s. p 
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the centre of the penstock. 1 ests show that the method' is capable of 
giving results in clos^ agreement <v'ith weir measurements.* i ^ 

21. Gauging by CheniickL Methods. — By addi:ag a strong solution 
of some chemical for which sensitive reagents are available, at a uniform 
and known rate into a stream, and by collectiVig and analysing a sample 
taken from'the stream at some poiiV^ b^lo^w'*, Vhere admixture is coinpletj>^, 
the voliihie of flow can readily., f)e computed. * ' ^ 

f The method is best adapted ^to rapid and irreguj»r streams in which 
the admixture is most thorough, and which, incidentally, are mosf difficult 
to gauge by other means, "fife solu- 
tion sliouM b^' ^applied at, a number 
of points in a cross section if the 
stream is wide, and preferably near 
mid-depth. * Sufficient of the solution 
should be used to give a uniform sup- 
ply* for about thirty minutes. Various 
chemicals mav be used. I'nless the 
v»ater is brackish, ordinary salt is suit- 
able; if braekish* or salty, sulphuric 
acid or caustic soda giwj good results. 

With a saturated solution of common 
salt a dilution of i in 750,000 will 
give, wit1i silver nitrate, a precipitate 
weighing 1 mgm. per litre of the 
sample, and the gravimetric analysis of 
such a sam]de will enable an accuracy 
fd 1 per cent l<\.bc attained. Witli 
sulphuric ac^d, S.(t. i S3<S, the dilu- 
tion for the same degree of accuracy 
and die same size oj sample is i iu 
4,700,000. A<very ay>y>r()\imate idea 
the discharge thus euahles the necessary* 
volume of solution for any given jHTiotl 
to be calculated. ‘ 

"fhe ftarnyile should be taken over 
section. It may be takiai by a y^ump through a Hexihle y>ipe vvbo?e oywu 
end is traversed across the stream durina? the y^rocess. siiriaee float 
’■Jl^ll give the aj^y^roxirnate time necessary for the first. of the mixture to 
reach the samy^ling seerion. A few minutes shoijkl then be allowed befoiT 
f^eginning to take the samyTle.i Inynetliately bidbre and a.%e5 the tests, a 
sample of the stream water should hr taken aiuV tested for salinity or acadity, 
and the results of the mixture tests should be eorrected (or* the yiressure of 
anv natural saltniess or acidity if yiresent. 

♦ For a description of Iac detajK of suclFlests.^sec Arr/'.?, d Scptcnilici , 1 01*5, 

p. 617 (R. d'aylor). d'he dve in.iy readilv be iiArocfticeil in a flask v\hKh ;s suspended 

from a string, and which is broken In' a weij^it siuiincfyiow n the J?innp. - 
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a number of y'>()ints in the cross 
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Fig. 12 ** shows one method of introtiucing the solution at a known and 
regular rate. iA tank i having an internal inlet pipci I is filled with the 
solution, on which a cork float C, fittdd with a siphon pipe S and a balance 
weight, is floated. Once flow is started the head h, SPnd therefore the 
discharge, is constant. Additional solution' is added as rec|uired through 
'bjie pipe I. fly shutting ofF‘thq snippily and noting the rate af which the 
surface-lcv(*l Tails, the rate of discharge can accurately determined. 

• 22. Gauging ©J Ice-covered Strpatns. When a* stream is' ice-* 

bound, tlie flow becomes somewhat similar to that in a closed flume, and 
may be determined from *t:ur rent-meter observations carried out through 
holes cut in tlrj ice., Craugings of ice-bound .streams b\; tnembers of the 

United States (iliological Survey ‘f lead to the following conclusions: 

• ^ 

(t) The maximum velocity occurs at a point between -35 and *40 of the 
depth measuretl froin the under side of the ice. The ratio ot» mean to 
maximum velocity ranges from about -80 with a depth of 3 ft. to *92 vvitfi 
a depth of ih ft. 

....*(2) "flhere are two .points of moan velocity on a vertical, the first lying 
between *08 and *017 of the depth, and the second between -68 and *74 of 
the depth. 

(3) In gauging such streams, the vertical velocity curve method or the 
integration method should be used in preference to any of the single-point 
and coefficient methods. « 

23. Stream Rating Curves and Tables. From a series of stream 
gaiigings different stages of flow, a rating curve or table can be prepared, 
showing the 4 relationship between the height of water referred to some 
permanent datum level, and the discharge of the stream. Such a curve, 
is shown in fig. 13. If the channel is permanent, the relation'ship between 
•height and discharge under conditions of steady flow is fixi'd, and a con- 
tinuous record of gauge heights at the gauging station enables a continuous 
record of the discharge to be obtained. • 

In preparing the rating curve, llie observed discharges are plotted 
against tho gauge heights, and a smooth curve is drawn througli the plotted 
points.* In case any of the plotted points are seriously off this curve, it is 
always advisable to plot also a height-area curve showing the crosj.-sectional 
area for each gauge height, and a hciglit-velocity curve showing the 
measured meaii velocity for c^4cli height, as in fig. 13. The product of 
corresponding abscissae of these curves should equal tlie abscissae of tfie 
clischarge curve, and'this V)ften 'enables an errijr to be located as due either 
to an qbviuus trror in the measurement of the area or the velocity at some 
particuUw stage. Whcji re^^uired to eVend a rating curve for higher or 
lower stages tlian arc covt-red by the experimental measurements, it is 

• I « 

Strorneycr, . hisf. C. Vol. Cl,\, 1^04 Part' If, p. 34c>. V.'his paper 
gives the details of .various gaugiiigji l>v tlys method, an*d show 8 that it capable of giving 
excellent Vofults. . ^ ^ • 

f (h S. Water Supph^aml PApef No. gs. p. T39. 
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more accurate to do this by extending the area and mean vdocity curves, 
and to take their proci|ict for the extended rating curye. ^ 

The rating curve is only accurate for the conditions under which it 
was obtained. E^-ien with a permanent channel, the discharge for a given 
gauge height is greater with a rising stream and less with a falling stream 
than when ^he flow' is steady, owin^ toi t^it? bhanges in the surface slope, 
and velofcity under these conditions. These cfFl‘Cts a?e, however, not 
Ampoitant except in extreme cas:;s. Any change in channel, due ’to erosion* 
or silting, or to the growth or removal of weeds, necessitates the construction 
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of a tresh curve', d'he lengtli ol time during which a curve may be valid 
thus depends entirely on the local circumstances, and may range froin a 
few days to several months. '' 

24. Gauging Stations. On a stream subject to changes of channel, 
or which offers no suitable section for making measurements, it is necessary 
to construct an artificial control below the gauging-station. Such a control 
may consist of a low^ dam, wlu'se height is sufiicienl to prc'jert its being 
drowmed at high stages by any banking up of the down-stream flow. ‘With 
such a control the relationship between gauge height and discharge becomes 
stable, and indep^mdent of any change of section at the gauging station 
itself. 

The gauging station is equipped whh, siUnc form of height gauge, 
which may record heights automatfcally. or may reqirlre to be read daily. 
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Automatic gauges arc operated by a float, which is situated in a chamber 
comniunicatilig with jhc river by a smail pipe or ori^ce so as to damp out 
any wave .effects. ,The float operates thje ^pencil mechanism, which makes 
a continuous height record on a drum rotated by clockwgkrk. 

N on-recording gauges Cf)nsist of direct gauges, which are fixed graduated 
^staffs or boards on which wajter-jcvel is'observcd directlv», or indirect 
gauges, ii\ which the Water-level is transferred to a graduated ^cale fixed 

'above the'w^atcr surface. 

« 



01 . ' . 

In the liook gauge, lig. 14A, a vertical rod gratluated in feet carriei’ a 
}:ook whose point ,\s adiustecl until in the surface. 'The height is then 
recorded against tlie lived scale, whicl) ‘usually gracruated in tenths 
oi u toot. 

The weight gaiigC fig- consists of a graduated horizontal scale 

board canning a vertical pulley over which , works a l^ght flexible chain 
('arryiiyg a weight and a marker. Topi,^e the gauge, vhe w^eight is lowered 
until touching -die w ater, w hen the height is read 'off from the graduated 
scale opposite the marker. < TJiesg, types of gauge have the advantage over 




THE AVAILABLE POWJiR 


33 


the direct gauge that they are fre^ from danger of displaceifient from ice 
and floating debris. * , ^ * • 

The float gau^e consists of a float which carries either a vertical rod* 
or a chain kept taut by a sinal} balance weight.. The rocj or chain carries 
a marker wljich moves over a*graduated scalf.* • 

In or^er to enable accurate reading’s ^o be obtained with af vertical 
staff j^auge or ^ float gauge, Aiis should be installed in a stalling box.^ 
*erected in or alongside the streafn, and communicatfng with tho stream 
through a series of small holes, ^ The zero of tljje gauge should alwavs be 
below the lowest \yater-level. 


CHAPTER IV 

. I 

rhe Available Power 

Available power from a stream; storagb; storage calculations; the mass’*’’ 
curve; analyticaj methods; auxiliary and reserve ph/nl; load curves. 

25. Available PowSr. If a development is projected on a stream 
having no artificial storage, the maximum power which can be developed 
cpntinuouiily de)>ends entirely on the water available during the period of 
minimum flow. In this connection it is usual to define the minimum flow 
as the mean of the average flows during the loucst two consecutive seven- 
day periods during the period of recortl, which should, if possihfe, extend 
over at least seven years, 'This is eviilently higher than ifhe absolute 
minimum on the d?.y pf lowest flow, but tliis absolute minimum does not 
usually equal the practical mir.imum of plant capacity w'hich may profitably 
be installed. 

As extreme low-water conditions usually last for only a siuall portion 
of the year, it N y'jossible to develop, during the greater part of the year, 
a much larger amount of power than the minimum, broadly speaking, 
an installation h^id out to absorb from three to four times the fliinimum 
stream-flow can. in temperate climates, he ope’^ated at full load *for*at 
least half tile year, and at an average of about So j)er cent of full lo;i<.i for 
the remainder of the year. This secondary power ma} often profitably 
be utilized in industries which do not empfov a large amoiftil of labour, 
an(J do not involve a large capital outlay. 'To determifle the maximum , 
practicable ecori^)mical development, the X\’ater* Pcwver branch of the 
Department of the Interior, CSnada, suggests the fallowing ‘ptocedure. 

“ The months of each year are arraftged according to#the day, of the lowest 
flow in each. The lowest of the six high months is taken as the basic 
month. The avefage, flow of the lowest seven consecutive days in that 
month dcfcrmincs the r^ax!m«m avaflablc^ flow^, for^the year.^ The av^erage' 
of such maximum figures for all yt^ars In the period ^for which data are 
available is the assumed maxiiiiuin to hi: ustd jn calcula'wons.” Much, 

VoL. I. 3 
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however, depicnds on local circurnstanct^^. In some cases it is economical 
to develop), up to that amount which csin be maintained continuously during 
\he highest four months of the year, the deficiency in power during the 
remainder of the year being provided by, the installation of fuel-power 
plants as auxiliaries. * - 

Wliefc^ the installation is intended to supply industries havfog heavy 
^labour cos^s, or large capital outlays, and especially in the case of a public 
supply for lighting and traction, a certain fixed minimum output must be 
available at all times. In such a case, if the minimum capacity of the stream 
is not sufficient for the power requirements, this must be augmented either 
by an auxiliary plant, o. by ^storage of water for use at periods of low flow, 
or by a combination of the twx>. ^ 

Storage and Pondage . — The term ‘‘ storage is usually applied to large 
impounding scheme., designed to give more or less uniform supply during 
the dry seasons, while the term “ pondage is applied to smaller schemes 
in which the night flow is impounded for use during the working hours of 
.lie day. Where sufficient pondage is available to store the whole flow of 
a stream, the available horse-power is greatly increased. Thus in a plant 
operating over an eight-hour day, the storage of the flow during the sixteen 
idle hours enables the output to be increased to three times the value 
possible without such storage. 

Where the storage of this water leadsS to a considerable increase in the 
water-level behind the dam, the effect of this on other power plants farther 
up the stream, and the effect of the variation in head during the working 
period, require to be carefully considered. 

26. Stofage Diagrams. Where it is required to equalize the flow 
of a stream (jver a long period, the necessary reservoir capacity may bs 
determined graphically by drawing a “ mass curve For this the net 
monthly run-offs, corrected for seepage and evaporation, are added, and 
plotted as ordinates on a base representing times, so that the ordinate 
cerresponding to any given date represents the total disciiarge since the 
commencement of the period. If a tangent be drawn at any point of the 
curve thus formed, its slope represents the rate of flow' at that instant. 

In a similar manner the curve of demand can be drawn. If uniform 
powe" is to be developed at all seasons, this will be a straight line. If not, 
if the seasonal demand can be predetermined, the consumption curve can 
be modified to suit. 

Any convenient unit of capacity may be used for the vertical scale. 
The acre foot, equivalent to 43,560 c. fl., or the miliion’or billion cubic 
fee^^ are convenient units, depending (iii the size of the scheme. 

If, over any period, the slope of th'e mass siipplv curve is greater than 
that of the demand curve, the reservoir, if not already full, is storing water. 
Conversely, if tlie slope of the supply curve is less than that of the demand 
‘curve, the reservoir levid is falling, while, \Vhdre^*thc curves are parallel, 
the rales of inflow^ and outflow'‘'ar^’ equal. The vertical intercepts between 
the supply curve OC and any such demand curve as OL (fig. 15) represent 
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the total excess of supply over demand from the beginning ftf the period. 

To determine the Storage capacity necessary to balance a given»deniand, 
represented by the demand curve OL, draw tangents parallel to OL* 
through the vari()us crests of the mass curve, ^ as at The vertical 

intercept CC', between this tangent and the; supfi^y cunve at any point C,^ 
represent^ tlie excess of outflow ovJr infll)w duripg the period fiC, and 
the greatest of i;uch intercepts t)ver the whole period under consideration^ 



represents, on the vertical scale, the necessarv capacity ot the reservoir. 
Injthe case in question the maximum intercept occurs al)OLft I), and the 
reservoir, if full at B, and if of capacity 1)1)', will hecctnie empty at I). 
It will refill at ]\4, and will ONerllow' from ]\'f‘to h'* the volum^e of overflow 
being represented by NE. 

If the tangent docs not again intercept the cflrve,#as uoujd^be tl<^ case 
with the tangent BP, corresponding to a df.‘mand curve Oil, the reservoir 
will not refill witflin ,lhe period under review . The tangent BE,, corre- 
sponding fo the deniand^unc«l)K, nfaximum j ate of demand* 

for the reserv(fir to refill, and with tlys raPe depiand the necessary storage 
volume is given by the intercept^ 1)1)". 
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In order determine the maximuni demand which can be satisfied 
by storage, tangents should also be drawn Jo the troughs of the mass curve 
•as shown at AF. If the reservoir be empty at A, and if Ab" be the lowest 
of all such double tangents passing through A, the reservoir will again be 
empty at F, and the slope pf this tangent, which, in the sketch, corre- 
sponds to the demand^ curve OH, ^ives the maximum possibly demand 
which caA be satisfied over this period. The maximinri intercept BB' 
gives the necessary storage volume. Ir this case the reservoir would be 
iull at B and almost empty at D, but would be below high-water level by 
an amount represented by the intercept PE at E. 

V . 



The i^iass curve slioiild be drawn to cover as long a jUTiod as possible. 
In. regions having a moderately higli rainfall a five-year period UvSually 
gives^ results within 15 per cent, although an occasional error as high as 
30 per cent may be experienced. A ten-year period may usually he relied 
upon as beiF,g within lo per cent. In dry regions longer periods are 
desirable, and even then the results should be useil with caution. 

hig. 16 shows a typical rtiass curve for a river, over a period of four 
years. Mere the ordinates represent millions of cubic feet. 'The total 
nin-of] over the foiii;, yeais is 30,000 million cubic feet, corresponding to 
an average run-ofi of 23.S c. ft. per second. l''he storage represented by 
C(’' eq^uals 2300 million cubic feet, and would tmable the demand curve OF, 
repres^cnling 218 c,f.s.,ao be satisfied. ' Thvr raser^voir would then be full 
at B and G, but would overflow at 11 ^ where HIT is equal to CC\ The 
storage represented 'hy BB' equals, 426c million cubic feet, and would enable 
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the demand curve OE, representing 232 f.s., to be satisfied. fThe reservoir 
would then be empt^ at A and C, It would be full at B/but ^vould be 
1900 million cubic feet below high-water level at G. In this case an increase 
of 83 per cent in* storage capacity is only accompanied by an increase of 
6*5 per cent in continuous oijtput. .• , 

An e^xamination of the effect (ft' Vilrious arruumts of st()ragc in this 
particular case shows that the Avater continuously available at tlje turbines 
•is given by the ordinates of the aurve of fig. 17, vvhifh also represents to 
scale ihc possible continuous horse-power (output of the plant. This 
diagram strikingly illustrates how the value per million cubic feet of storage 
caf^acity become;/ Velativelyffess as the storage volpm^? is increased. This 
is, a general characteristic of all storage schdlnes. In the case in question 
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a storage capacity of 1000 million cubic feet, ccjuivalcnt to approximately 
50 days’ supply, eiiabh'S a continuous flow^ of i()0 c.f.s. to be utilized, or 
80 per cent of the maximum possible continuous lltnv. The output W'ith 
a loo-days’ storage tvoiild only be 12^ per cent greater, and with M 150- 
days’ storage 20 per cent greater. No further increase of output is possible 
by increasing the storage capacity beyond 4200 million cubic feet, which 
corresponds to 205 days’ supply. • • 

* 'The most economical development of a given scheme can only be 
determined by*obtaining in this w^ay the''^)ow(»r relidered available by 
different amounts of storage, artd by balancing the economiP \*iijue ()f this 
power against the charges to be debited againsC thc^ extra storage. , Since 
the power developed by the stored water, per acre of storage area, is pro- 
portional to the working heitd, the cost per horse-power storage capacity 
increases" rapidly as *the head dinti»ishes. The (iost of any large Storage 
for a low-head Installation is usually proliibitive, and it is oftly in high-head 
plant that any large amount of storage •will 'jw* we to*be economicaK An 
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investigation ^)f any particular scheme over a lengthy period wHl generally 
show th^;. the full storage, if developed, would onFy be fully utilized at 
intervals Of from five to ten years. I'he most economical development 
will in general assure that the entire volume of stored vValer can be used 
practically every y<^ar. ^ 

In Uic case in question, if tbe‘'\vo#king head is 250 ft., the continuous 
horse-powjer available with 50 days’ storage, assuming a turliine efficiency 
of 80 per cent, wodkl be . ' ' 


190 :< (^2-4 X 250 X -8 

550 


4300 h.p., 

• \ . 


Avhile with joo'tlays’ storages'll would be 4840 h.p., and, with 150 days’ 
storage, 5150 h.p. Assuming a deptli of storage of 15 ft., a storage area 
of 1500 acres would-be required for 50 days’ storage, and 3000 acres and 
4500 acres respectively for 100 and 150 days’ storage. 

At () per cent on £20 per acre the annual charge tlue to the cost of the 
storage ground alone wouhl be ^([1800 greater for 50 than for 100 dtiys’ 
storage, and ^1800 greater for 100 than for 150 days’ storage. Thus the 
annual cost of the additional power due to this charge alone would be 
^3*34 per horse- powor as between 50 and 100 days’ storage, and ;C5'8o 
per horse-power as between 100 am) 150 days' storage. To this is to be 
addeil, of course, the charge due to the extra length and height of dain 
required and to the extra cost of machinery, power house, pipe line, and 
transmission. 

27 . The question of .storage may also be investigated by analytical 
methods, as^indicated in the following table, which makes use of the data 
from whicli tlie mass curve of fig. ib was preparetl. . hroiri the run-off 
records, the mean monthly run-off in c\ibic feet per secondhand the total 
' monthly nin-olf are tabulated for each month. It is assumed that the 
* continuous flow required at the turbines is 21S c.f.s., corresponding to a 
monthly demand of 574 million cubic feet. With the resttrvoir empty at 
the end of April, 191 1, and with an assumed capacity of 2300 million cubic 
feet, tlu* volume stored up lo the end of each month and the amount wasted 
when 'the reservoir is full are obtained step by .stcp\ as indicated in the 
table. With any other storage volume, the demand from the turbines 
wouht require to be different for the conditions to balance as in tliis example, 
the correct viitue being readilyniblained by trial. 

Fig. 18 illustciites a second graphical method of investigating storige 
'conditions on a .stream. The diagram represents the, hydrograph or 
discharge. eutVe plotted from the daV» 01*^110 preceding table, and refers 
to t^te^stream alreatfy^ considered by tlvc mass curve method. Each small 
square of the cliagram represents a flow' of 10 c.f.s. over one twenty-fourth 
of a year, and t^hiis a volume oY 3()i^ \ 3600'X 10 ; 2 ^. I 3 *ES million 
cubic feet. • c* . * * 

The hori/ohtal line EF!' ccorfcsponds lo a constant demand of 232 
c.f.s,,*in whicli case Mu* area I‘foin*A to C above the line is balanced by the 
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Net run-off. j Millions of c.f. per Month. 


Date. ; Million 

^ c.f.s.| c.f. per 
; M^nih. 

' To . 

*ro 

From 

j Turbines. 

Storiicc. 

Storaj^e. 

Jan. 268 705 

574 . ■ 



Feb. *3 534 


• 

• 4 i 

Mar.* 144 379 


-- 

195 

Apr. ; 131 j. 344 

# 

>» .* 


230 

May I 300 790 

’» 1 

•216 

i 

Jucie 411 1080 

»» 

506 

i 

July 395' *040 


‘ 466 

1 

Aug. 406 ,^ 97 ° 

• ! 

49(1 

1 

Sept. 451 1J90 

»> 

616 


Oct. • 426 ; 1170 

' M ; 


• 

Nov. 395 1090 

1 


■ 

Dec. 331 870 



- 


Totml Volume 
in Keservoir. 


Volume 

Wasted. 


Ykr 

Month. 


^rotal . 


1 

r 


Empty 

JiV 


722 

1188 

: '684 , 

^^oo(fulj) 
i ■ Full 




59 ^> 

516 ,1112 
296 j 408 



Jan. 

300 

790 




•• 

21b 

jb24 


Feb. 

306 1 

805 

,, 

-- 



23 1 

>855 

1 

Mar. 

222 j 

5^5 

»» 



1 1 

J 10 

> 9 f '5 


Apr. 

770! 

448 


i 

126 

^144 




May 

180 ; 

47.S 

,, 

- 

99 

2*45 



ri 

June 

230 

605 


3 ' 


207b 




July 

zbb : 

700 

• 

- 

126 


2202 




Aug. 

242 

<> 3.3 


61 

-- 

2263 

- 

... 


Sept 

232 i 

61 1 


37 


2300 (full) 




Oct. * 

180 

474 



100 

2170 




Nov. 


3 . 5 ^ 

11 


216 

J954 




Dec. 

120 

316 

1 1 


258 

1696 




Jan. 

102 

268 

1 M i 


306 

1390 


1 


Feb. 

87 

228 

1 ,7 


34b 

JO44 

» 

1 


Mai'. 

66 

►•■4 . 

! ” 

i 

400 

f )44 

-- 



Apr. 

87 

228 

i ” 


34^' 

29S 




; May 

118 : 

3 'o 

” 


264 

34 

i 

1 — - • 


1 T 

1 June 

1 23^^ 

620 


46 

- 

80 

i 

. 

C^ 

July 


7'5 

1 ,, 

141 


i 

i - 

1 

1 


Alin. 

I24/ 

650 

1 M 

: 7 ^' 


297 

1 



Sept. 


()20 

1 >» 

1 46 


i 343 




Oct. 

245 . 

b 4 .S 


7 « 


i 4*4 




Nov . 

186 

489 

J J 


8.S 

1 329 




Dec. , 

► '50 

394 

1 1 

- 

180 

149 




Jan. 

24 b 

b4() 1 

i Feb.* 

228 

boo I 

Mar. 

J93 

507 : 

' Apr. 

'50 

394 ; 

; May 

479 

• J 2bo 1 

;j ' Tunc 

452 

1190 1 

S' julv 

430 

1130 

; Aug. 

385 

J 0 1 b ; 

i Sept. 

143 

^ 37 ^> j 

! Oct^ 

122 

32It ‘ 

' Nov. 

lOI 1 266 ^ 

Dec, 

87 1 228 i 


/- 


22J 

2b 

r 

2^7 , 


i ^>7 

180 

- 

i jSo 

ofciuplv) 

bSb 


•(>8b ' 

bii) 


1302 • 




442 

, 

2300 (full) 

— 

1 • 1 9 ^ 

, '2072 


25 > 

! 1819 


308 

1511 


•34^' 

]ib5 • 
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area below the line, and the reservoir, if empty at A, will agiin be empty 
at C. The line FF' cf>rresponds to a consumption of 218 c.f.s., ifi which 
case the reservoir, if full at B, will again be full at G, a^id the area above 
the line between B*and G is balanced by the area^ below the line. Each of 
these latter areas represents 2^00 million cujvc Ikxjt, giving the required 
capacity of tfie reservoir for this statl of 'affairs, ynder these conditions 
the reservoir, if empty at A, will overflow at H, where the area above the 
line to* the left of the vertical tlirough 11 represents 15^0 millioa cubic 
feet, and the amount of water wasted wdll be giv^en by the coarsely 
hatched area, which represents 1970 million cubic feet. 

With no*slor4ig/, the ma:fimum continuous output* would correspond 
to the minimum ordinate of the hydrograjjh, \Vhich in this case represents 
a flow^ of c.f.s. If a larger minimum output is desired than can be 
obtained witli the available storage capacity, this can, only be obtained 
from an auxiliary steam-, gas-, or oil-power plant, 'i'lms if a uniform 
output equivalent to the full stream capacity ol c.f.s. were required, 
with •a storage capacity of 2300 million, cubic feet, \hc capacity of the 
auxiliary station would be represented by the area shqwn finely hatched 
in the diagram, d’hi^ area occupies 142 squares, representing 1865 million 
cul)ic feet. 'The total output over the four years considered would be 
30,000 million cubic feet, so tluit the necessary output of tlie auxiliary 
station would be 6-2 per cent of the total. 

If, for example, the working head were 250 ft. and the over-all efficiency 
of the turbines 80 per cent, the continuous output would be 5400 b.p., 
and the necessary output of the auxiliary station would average (5400 
^ *062 V 24) or 8050 h.p. hours per day. I'he maximum lonlinuous 
output wnth no stomge^ would he 1500 h.p., and with a storage of 2300 
million cubic feet and no auxiliary plant would be 4940 li.p. 

28 . Power Percentage -time Curves. - From the tabulated data 
or from the graph of fig. 18, a curve can be plotted showing the percentage 
of total time dui ’fig which the various Hows or corresponding horse-power.< 
arc available. In fig. 19 two such curves are plotted for the preceding 
example, for the cases where the stream-Hovv is unregulated and f^here it 
is regulated by a reservoir of 2300 million cubic feet capacity, d'bc curves 
slujw that wkh the unregulated stream a How of 350 c.f.s. is available, for 
20 per cent of the time, 260 c.f.s. for 46 per cent of the time, and so on; 
while with the regulated stream 218 c.f.s. is available the w'ho?t‘ time, and 
260 ^.f.s. is available for 20 per cent of the lime. 

29 . Auxiliarj* Plant,-- Where storage is impos^^ible* or unduly costiv, 
an auxiliary steam-, gas-, or oil-jtow^ei; plant may he installed to* work \n 
conjunction with the water-power phwit, and to scS've ip elFect^as^a stc^age 
system for the latter. S\ich an auxiliary installatitm increases the capacity 
of the plant, not only by its V)W'n output, but because it Enables \Yater, 
which wouW otherwise ’h<j ww.stj?d, tr^be utilized. 1* fig. I9,jbr exan^ple, 
a steam installation capable of raisin" the*mifiimum output to that corre- 
sponding to a flow^ of 150 c.f.s., and itself, cap«blq of giving a maximum 
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output equivalent to a flow of 84 c.f.s., would need to develop an amount 
ol energy represented by the area efkl The addittonal energy developed 
from water power would be represented by the area efghy and is about 7-5 
limes as much as that developed by the steam plant.* Where storage is 
expensive, the cot^ibina^jon of a steam- and. water-power plant often forms 
the inofit economical method usilbg water power, and tht majority of 
w^ater-polwer installations in the United States have been developed in this 
wa). ,The savinf^*^duc to such an au?wiliary installation (diminishes* as the 



stoftgc is increased, ilius vsitli^tlie regulated flow of fig. iq, and with 
auxiliarv p(4Aver designed lo^ive a constant output correspondifjg to a flow 
of 238 c.f.s., the amount ot additional energy developed by the water |V,)wer 
would only be represevted by the area abaf. 

shows the amount of ejiergy developed from water power and 
fjoin the auxiliary* steamy plant in the^ease ot the British C.\)himbia F^lectric 
Railway Co.-, Ltd., during the years iqo8 13. During the period 1909-13 
considerable additions were niade to the water-power plant. 

The most econonyc al size ot arv -iixiliary^planf, designed with a view 
of acting as sfjpplementar\^ Kj th^* hydro-electric plant at times of low water 
I ^cp.irl rat'll <>1 the Interior, U alcr Pomr Ristmti cy , I*;iper Ng. 13, 





Fib 2C — Energ^ De\el-->reJ from Water Powei^and Sream in Plant of British Columbia Electric Raih\a> Co . Lt^. 
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or of peak *load, can only be estimated by careful investigation of the 
relative* costs of additional storage an 4 of auxifiary power. In some 
installations in th*e United States it has been found advisable to install an 
auxiliary plant ^having capacity twice as great as *the low-water flow 
capacity of the water-power, plant, hut the e/jononiical ratio is usually much 
less than this. The ^ize deponcls n^’aterially on the method of.utilization. 
If the storage be exhausted before the aiirfiliary plant is j^tarted, a plaht of 
large capacity is required, but the period of operation is short. It, on the 
other hand, the plant he operated whenever the storage becomes low, a 
smaller capacity is required, but a longer period of operation is necessary. 
Under such conditions full advantage is seldofn taken oiNhe storage capiacity, 
and in consequence a larger qiimber of horse-power hours rt^quire to be 
developed by the auxiliary jdant. 

Where the nunimum stream-flow together with the output of the 
auxiliary plaint is insufficient to carry the peak load, the latter method of 
operation must be used, the auxiliary plant being operated continuously 
at such times, and ,the water power being used to carry the j^eaks hf the 
load. Jn general, since for maximum economy a steam plant requires 
to operate at more or less constant load, corresponding to full load on one 
or more units, this method of operation is advisable. Where the mean 
power demand exceeds the output of the hydraulic installation, the auxiliary 
plant should he operated continuously, the water power bejng devofed 
mainly to carrying the peak loads. 

Reserve Phuit, -\u the case of a hydro-electric installation which 
supplied, light and power for general distribution in a city, a reserve steam 
or gas plafit is often installed, and is kept ready lor immediate use at any 
time in case of an accident to the bydro-electric pliant *or Iransmission line, 
or of a serious reduction in its output due to drought, floods, or ice troubles. 
Where the output is utilizeii f(»r factory supply or for purely industrial 
purposes, such a fuel-operated reserve plant is usually considered unneccs- 
§ary. • 

Since a reserve plant is only operated at long intervals, the predominating 
factor ifi deciding on the type of plant should be low capital costs rather 
than* low operating costs, d'he plant should be designed with a view of 
rapvl attainment of load on emergency. Imr large units the sfeani turbine 
with water-tube boilers, and for small, units the gas- or oil-engine, most 
nearly satisfy the required conditions. 

d'he capacity of such a plant is governed by the magnitude of tite load 
which must be maintained under all conditions. Whether its services are 
reqwircd or not, it, must be run periodicaMy, and the charges to be debited 
to it* add ve|*y appreciably to the cost per unit of the powder sold. In the 
case of a steam-turbine plant of, say, 10,000 kw. capacity, the total annual 
chart's withoTil operation under present-tl’ay coqditu)ns would amount 
to approximately 3(^3 5 *000 j 

30 . Load Curves. - In ;lny*pow^T plant the load varies from hour to 
hour and from day to d,'iy.* ^rbe “ load , factor ’’ is the ratio of the average 
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to the maximum load carried. The load factor and the characteristics of 
the load curve dependMargely on the class of consuilier supplied. Thus 
fig. 21 shows typical curves, AA for a municipal lighting and power supply, 
and BB for a largd^ industrial factory load. F'ig. 22 shows typical winter 
and summer load curves on t,h’e Niagara system^t H<;re* the individual 
loads are ^^pical commercial, domestic, aiid municipal loads, and -do not 
include any electro-chemical ov -metallurgical processes. Pur/iping to 
reservoirs is carried out during oft'-peak hours, and accounts for the piagni- 
tude of .the night load. Fig. 23 shows the seasonal variation of the peak 
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,i — 'r\pir«i1 l.o.ul Inr Munitip.il Liphiinj; .<nd I'owi'j (AA), .iml lur lndii'tn.il Fnciory (lJU) 

load on the Central Ontario system, | and also indicates the rate ol growth 
during the period in cjuestion. , 

Thv design of a hydro-electric installation depends largely on the type 
of load to he anticipated. \\ here the load factor is high, as in the ease ol 
a plant supplying an electro-chemical or eleetro-inetallurgieal industiy, 
or any industry with a large night load, the 'turhiiTc ca^Aaeity for a given 
annual output is much smaller thaO wli^n the load factor js low;' the capital 
costs are correspondingly lower; and since the tapitiil char^e^? iorm the 
largest part of the total cost of the power, the cost per unit is correspondingly 

lower. ' , ' * , 

Where -a plant is supplied,, directly from a jAcr^nnial stream with no 

♦ Department of the Interior, Canada; IVitIt’r J^ci^ources, t’aper 17, p. 47 - 
f 11//1 Annual Rtport of Hydro-Ehrtric Pojvtr ^Ontario, I\irt I. 



32 . — Typical Wirier and Summer D*ily Load Curves on Niagara System 
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storage, the outpAt from a turbine installation operating at r\ill capacity 
on the peak load is directly propgrtional to the load factor, and the^ charge 
per unit will require to be inversely proportional to the lf)ad factor or very 
nearly so. In such a case any demand occurring during off-peak hours 
is a clear gain to the installation in that the oqW expense# to be debited to 
this load yre those due to the extra attendance apd supplies required. 
Such a^ load can J^e econoniicalhj supplied at a very low rate, and in tlie 
interests of the installation every encouragement should be given to sucii 
consumers, with a view of making the load factor as nearlv as possible 
unity. ^ 

\\here the he?id is high anti the plant is tlesigned wiHi suflfcicnt storage 



capacity to utilize the whole or a large proportion of the run-off* from a 
catchment area, tKe cost of the necessary storage area and dam wiM be 
largely independent of the load factor. The head works and canal, 11 nine, 
or pipe line must, however, be designed to deal with the maximum rate 
of flow, unless the physical configuration of tlie district renders it possible 
to provide sufficient pondage near the power house to take care of ffu' 
hourly fluctuations ol demand. In any case) vvhill* die capital costs ar»‘ 
increased by a low-load factor, th^ increase is relatively smaller tlum wlien 
no storage is provided. In fact, wk«en the stora?ije enlarges for In a ^orge 
percentage of the total costs, it may be more prorfitable deliberately to lay 
out the scheme for an ordinary industrial loail in spite of its comparatively 
low-load fiictor, and to (Jiscoufage die continuous toad, which, from' the 
nature of the case, is seldom capable^pf bearing the same charges [>er unit 
as is the industrial load. \ ^ 
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Where /he load is very variable, it is necessary for^ efficient operation 
that tvw) or more tifrbines he installed, qf such capacity that one unit will 
carry the fuininiuin load with reasonable efficiency. As the demand 
increases, successive units are started up, until at inaxiniurii load all the 
units, except those pro«;jdcd ^is a stand-by, arc in operation. 


CHAPTER V 

, Hydraulics 

« • 

Hydraulics of pipe flow; flow in open channels; wcii* flow; 

* impounding flood discharge. 

31. Waler in motion possesses energy in virtue of its velocity, its 
pressure, and its height. It has kinetic energy, pressure energy*, and 

potential energy. Thus w^ater in 
motion with Velocity v f.s. at the 
point A'(flg. 24) has kinetic energy 
T- 2 ^' fl. lb. per pound. Its 
pressure energy is p w ft. lb. 
per poiiml where p is its pressure 
in pounds per square foot, and zo 
its weight per cubic loot, and its 
potential eneigy is ~ ft. lb. pe;; 
]>ouml wdiere c is its height in feet 
above some datum ‘level. Each f)f 
these expressions is equivalent to 
a heigl)t or head in feet. Thus 
7" : 2" is then height through 
which a bodv tailing freelv would 
attain a velocity r, while p \ zv 
IS the heiglu of a column ol water 
whieli would producothe pressure 
p at its base, p ; zr is therefore (!alled the pressure head. 

32. Bennoulli’s Theorem.— If waiter flows from a point (i) to a point 
(2), and if there is no loss of energy between these points, the relationship 

;>i / p2 

. ' w . 2<! zv 



z\‘- 




constant 


holds. This Vs know n as Dcrnoulli’s ddieorem. If, due to wall friction or eddy 
formation, there is a loss of energv of hf It. lb.*f')er pound,* wdiich is equivalent 
to a loss of head of ///^^feet between (•j) and^( 2 X the equation betomes 


w 


. 2 .? 


hj. 
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In hydraulic^problems, atmospheric pressure is taken the datum 
pressure, so that, for <«xample, the water in a parallel jet discharging under 
atmospheric pressure is taken as ’having no pressure energy. 

33. Hydraulic, Losses. — Water flowing over any solid surface, under * 
practical conditions of operation, suffers a loss ef energy •due to so-called 
surface friction, which is realfy due V) eddy •fbnnation at the surface, and 
which increases with the roughness * • 






j>f thoi surface. •Also, any chartge 
in the direction of flow, or any re- 
duction in velocity, such as occurs 
when the cross-jserj/tional area of a 
water passage is increased, is pro- 
ductive of* eddy formation and of 
loss of energy. i..„ .. 

Loss due io Enlar}»enunt of Sec- ' 

/zow.“When a pipe line has its cross-sectional area suddenly increased 
fronj A, to Ao sq. ft. (fig. 25), s<) that the velocity is reduced from to 
f-s., the loss ol head is given very cloj>ely by the expression 

(r, - 

'Fhis loss may be reduced within limits, by reducing the velocity gradu- 
ajly (fig. 2/)), In this case the loss of head is /:(7'j ; 2;', where k 

has the following mean values:* 


ft. 


/ .1' ^ IO It;' 20' 10' 40 so' ho' 70' So Qo i2o‘#ie;o" iRo" 
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.^1 iS “o 4S or I 10 — - 


1 Li.inmi1.ir l‘ipt. \ * 
j vMih one ii.iir oi : K 

‘iiles . f 


I 


These losses 
Include the 
skin friction 
in tlie pipe. 
'Fhis accounts 
for the value 
F incr^^as- 
ing,as n is di- 



minished be- ^ IV .6 

• • • 

low a definite " ^ 

value, about (F in a circular }npe, and j i in a rectangular passa*ge, tnving 

to the increasing length of pipe benteen points (i) and (2). 

Loss at Valves and Shires . — 'Fhe loss of head due to a partially opened 
valve is largely due tg the expansion of the stream section on passijig the 
constriction. TJie loss* is* ateo affected appr^ciaflly by ipegulariUes in* 

*(nb^un, Hythdu/irs (Corft'table,&- C'(v, l.ondon),^!. 85. 
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design, so tl(at values deduced from tests on any one dpign of valve can 
only be taken as applying approximately to anothen valve. The following 
values h^ve been^ determined experimentally from valves * of the types 
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shown in figs, (zyrt and h). Here the loss equals I'? - : 2" ft., where v is 
the velocity in the pipe 


'rvpe of \"alve. 

s 

■ 

1 4 

3 

d l> 

7 

H ' 1 ) 


1 0 
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Circular Sluice (jatel 
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■00 
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ButterHy Valve (fig. 22b) 
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Value ot F. 


Losses at Be 7 ids in a Pipe Line , — The loss due to a right-angled bend 
depends on the radius of curvature R of the bend.'f The bdst radius in 
practice is from 2 5 to 5*0 pipe diameters. For such bends the loss is 
given siifficil^ntly nearly by*' •37^“ > zg ft. Where the bend is carried 
round an angle 0 less than qo'\ the loss is very nearly proportional to rr. 

34 . Flow in Pipe Lines.- In designing a pipe Kne, the problem 
which usually presents itself to the engineer is that of determining the 
minimum si/.e of pipe wiiich, with a given loss of head, will discharge a 
given volume of water per second. ITe available head is absorbed in 
giving the kinetic energy of flow in the pipe (?’“ 2 g), and overcoming 

the pil>e line losses which are due: 

' Ciihsori, llydran^ii s (C'onstabit* & I'o., London), p, 249. 


t Ibid.^ p. 251. 
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1. To eddy ^mation at the entrance to the pipe; 

2. To bends, valves, changes of sections, &c.; * 

3. To wall friction in the pipe. 

« 

The loss due to eddy formation at the entraAce is small. With a bell 
mouthpiece it is about *05 z/- 2^;orVt. .WifR a *pT^ opening flush with 
the side ctf the reservoir it is about ^ zg ft./ and, with 'a pipe pro- 
jecting into the i^iservoir, about ^ zg ft. ' 

Friction Losses in Pipe Lines, Many experiments have been carried out 
to determine the loss due to wall friction in a straight pipe. The earlier 
experimenters assr^ned this ^to be proportional to 7’“,^and i/ivcrsely pro- 
portional to the hydraulic mean depth m, which is equaV to the cross- 
sectional area wetted perimeter. • 

On this a^urnption, the loss in friction is written as 

/, - ft.. 

zgm 

or, ih the form adopted bv Chezy, 

Lt 

V 


cs,^ mi 


c\m . 


where c and / arc coeflicients whose values depend on the roughness of the 
pipe. More recent investigations have shown that the coefficient also 
depends on the pipe diameter and on the velocity of flow. Probably the 
best known of these latter formulae of the Chezy type are due to Kutter 
and Gaiiguillet, and to Bazin. 

Kutter wrote: ^ , i*8it , -00281 

. 41-6 -I - - -- I 


, / . , - 002 ^ 1 \ 
I ] (416 + -- ) 


00281 \ n 
\/ m 


where w -on for asphalted cast-iron pipes, very emooth new cast- 
* iron pipes, and cement-lined tunnels; 

,, n '0125 for ordinary new cast-iron and wooden pipes; 

,, n •013 tor pipes of class (i) when incrusted and* slightly 

tuberculated; 

,, //* - -014 for new riveted stjeel pipes; 

,, // -015 fi)r well-laid pipes liaving a slimy coating and deposits 

over the surface, or with slight tuberculations; 

,, 7: *017 for heavily tuberculated, pipes^. 

« 

Various tables are available giving Values of Kutter’s/- corresponding tri 
difterent velocities, pipe diameters, aftd slopes for the various values o^ n, 
Bazin, from experiments on channel flow, deduced the formula; 

- 


V 
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where y depends on the roughness of the surface, /llallet,* from an 
examination of experiments on pipes anjl pressure tunnels, finds that by 
writing 


tfrt y 


-W 


\,^r 


m 


the following values of </, y, and n gif/e good results, for the fojlowing 
classes of pipe: * * 


Class (i) above: 

/I * 

*011; 

a 

-172; /:f - 1; 

y 

30- 

■•t ( 3 ') , 

n 

•013; 

a 

- 162; ,8 — 1; 

V 

3 Q- 

(5)* ’» 

u 


a 

- 130; ji -9; 

y 

- 2O. 

,, (^>) „ 

ft 

•017; 

n 

- 112; i'i -6; 

y 

- 52. 


The most recent investigations tend to show that an exponential formula, 
of the type' 

h J, ■ ft. 


more nearly agrees with experimental results. Values of /, //, and .v have 
been determined by many observers. ’|* Mr. A. Barnes, j in a recent 

discussir)!! of experiments by himself and fither o!)servers, gives the fol- 
lowing vabies as applying to new and cleaned pipes: 




Fonnul.i' ft>r 


• MiUersal, 

Mean vd., f s. 

V 

! , . . 1 

b'riciion he.id, /f li. 

1 /; 

U, ef.^. 

Q 

New uneoated east-iron ^ 
pipes 1 


! fr' "'51 

; •ooo-?4t , 

1 

46- 7^/^ / "'2 

New asphalted east non 


/yjI K<,i 

' -000436 

47-ie/- 7 ''‘» . i 

New asphalted single- j 
nveted u rought - iron | 
and steel pipes . . . . 1 ^ 

I 7 I-.PH '-7 

1 1 

1 / 7 ,i SoN 

' -000386 , 

4 cp 4 e/‘ '7 

l/o., d()iiMe-ri\elcd with \ 
taper 01 e\ hnder joints 1 

1 -<'>1 '' 
t 

/t-i : 

-000270 

5 5 v 

New sinonih wood-sta\e| 
pipes . . . . • . , . » 

22 yp,rfP^'/ 

, 707 

... 

* r, 

t 

71-3^/-^''’ i 

Xr.v enplaned wood-j 
s{/.\ e [>ipes 

1 <^2‘ s ?/7 

t> 

/fa 7'^7 

, -0003.4 I 

, f/' ' 7 ^ i 

3 (S- 5 f/- 

t'leari neat cepient pipe‘s 

I363W'’’"/ 

; /f-«2 0(i<i 

•Q0024 ‘ 

, " j 

42*o</- / i 


P/(,r J>:\f ('. , iGitS-i), ^jib‘50in 1 lythaulics (Constable & (“o., P- 20l. 

] \ A H.irfit*-, ]]\'(l}(iufii 7'7r/7t' (Spun, Loiidoi;), 
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Owing to theY^ry convenient form of Chezy’s equation, 

cs/mi, 

it is often an advantage to have at hand values of c corresponding to various ' 
diameters and velocities of flow. Such approxlrnatc valries arc given in 


the followan^ table; 










% 

1 


t 

t 


Diam. Intho*^. 

• ' 




Material. 

citv, 



— 

- 




— 


— 


t.s. 


12 1 

iS ' 

24 

.V» 

1 4 « 

60 

72 

1.10 








1 






100 

107 i 

III 


120 

*H 


— 

1 -- 

New cast 'iron . . 

, f 

104 

III ; 

1 15 


124 

; 128 


— 

i “ 

• 

i 

106 

113 ‘ 

1*7 

121 

126 

1 I to 


— 

, 



107 

; 

i 

1 18 

122 

127 

! 


. 


dean asphalted' 
snioothlv 
finished concrete 

1 

1 

i 2 

' 4 

■ 

0 0 

108 

'^3 j 

**3 

1 18 , 

120 

126 

1 126 

1 *32 

, • 

• 

* 3 * ! 
* 37 ; 

*35 

* 4 * 

' * 3 ‘> 
*45 

pipes and ce- 
nient-lined tun- 

() 

<s ! 

1 


112 1 

117 

120 

122 

125 

* 3 * 

*34 

! *37 

i * 4 * 

>42 1 
I 4 h 1 

*45 

149 

*49 

*53 

nels J 

j 

, 1 

i 1 

1 

1 

1 

122 

127 j 

136 

: , 

; 1 

148 1 

* 5 * 

1 155 


1 2 

1 ’ 

1 

97 ' 

*03 

108 

114 

i 1 19 

1 

123 i 

126 

1 

- 

Acw single-riveted 

1 ' 


103 ! 

109 

**4 

120 

i *25 : 

129 1 

*32 

1 ' 

.steel or vvrouglit- 

: h , 


107 i 

1*3 ' 

1 18 

*25 

, *29 

*34 ' 

*37 


iron pipes. . . . | 

S 


109 ; 

^*5 

121 

128 

1 *33 ; 

138 : 

* 4 * 

1 


1,10 1 

I 

III 

: 

*^3 

129 

*35 ' 

140 

*43 



Douhlc-riwtcd steel pipes with cylinder joints have values of c about 
5 per cent lower than single- riveted pipes. A new wood-stave pipe has 
valuer- about 5 per cent lower than a clean asphalted pipe. 

After a period of use the incrustation ol a pipe line diminishes its 
discharge. The rate and type of incrustation depends on the class 
water and on the material of the pipe walls. 

Jlarnes * found th^t the percentage diminution in the dischafge^of an 
asphalted c;ast-iron pipe, with diameters from 40 to 44 in., conveying 
raw' moorland water, was given by the relationship: 

^Percentage diminution in discharge i f (age of pipe in years)® 

'I'hus after one year the discharge had. diminished by 13 per cent,, 
although probably no nodules ^of incrustation had been Icjj'ined at this 
stage. The corresponding diminution after ter^ years# was 30*^5* per* cent, 
and, after 20 years, 39*4 per cent. The rate of diiftinution, is muA less 
in a wooden pipe, or in a cvincrete or cement-lined pipe or tunnel, than 
in an iron or steel ptpe. To alloys for this diminution, the pipe should 
be designed to» give ar! initial discharge in oxccss of tht; requirements.* 

* Proc, 
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The excess ^>ercentage discharge for different types ofj^pipe should be 
approximately as follgws:* 




Discharge for 
designed, in 
of desired 
charge Q. 

I 

, 0 . , . . .* ^ ‘ 

No data is ;«vailable as to^the relative diminution in the case of a large 

and a small pipe. It must evickmtly be greater in a small pipe, and the 
values in the preceding table are therefore to be ap)plied \Vith caution. 
They are probably Valid for pipes over 24 in. in diameter, which may be 
required to operate for ten years before being cleaned out. 

35 . Working Velocities of Flow.- By adopting a high velqcity 
of flow, the diameter* and cost of 'Jie pipe line is reduced, but the friction 
loss and the diflicuKy of speed regulation are increased. In a plant sup- 
plied through a long closed penstock under a high head, considerations of 
speed regulation will usually be most important, while where the head is 
moderate and a stand pipe can be installed, the friction loss will be the 
more important factor, 'I 'he most economical pipe line is one' in which 
the sum of its annual charges due to interest, maintenance, and deprecia- 
tion, and of the value of the power lost per annum in friction, is a minimum. 

The permissible velocity depends largely on the load factor of the 
plant, 'The' pipe feeding a turbine which operates normally at part load, 
or only occasionally req\iires to develop full load, can be derigned to givl.* 
a relatively high velocity at full load without the friction loss under normal 
operatifm becoming excessive, (jcnerally speaking, a lower velocity should 
be adopted for a low-head development than for a high-head development, 
la practice, velocities of from 6 to 12 ft. per second are usual. 

36 . Hydraulic Gradient. -If, as in fig. 28, a horizontal AI5 be drawn 
through the free water surface, and if ordinates be dixvvn downwards from 
AB to represent, on the vertical scale of the drawing, the total loss of 
pressure head from the pipe entrance to the particular point considered, 
the ends of such ordinates, being joined, give a curve called xhc hydraulic 
<^radie?it lor tfie pipe, it a series of open stand pipes were erected on i^he 

»pipe line, the free surfaces in these pipes would lie on the gradient line, 
and the presi\ute in the pipe is representeef, at each point*, by its distance 
below' this line. If- the pipe is above the gradient line at any point, the 
]>ressuVe wifi .he less 'than atmospheric. In order to prevent difficulties 
arising irom liberation and accumulation of lyr at such points, and from 
admission ol air at leaky joints, the greatest height above the gradient line 
should never oceed 20 ft. * Owing to the wVakiu/ss of large pipes under 

* • Bdrnci, }lyAraultc‘ Flozc Reviewed, 


pe. 


which 

terms 

dis-f 


lis- 


Uncoalcd Asphalted Riveted . ^ j 

Cast Iton. Cast Iron. Wroughl-iron nr I j, 
S|eel Pipes. 


*•55 y 


Cement or 
Concrete. 


*•45 D 


* •33 Q 


1 -08 Q ' I -66 Q 
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external pressures* such pipes should not be laid above the gradient line. 
37. Flow througli Pipes coupled up in Parallel. — If a series of 



pipes of diameters <■/,, &c., discharge in par.illel between the same 

two points, so that the available head h is the same in each case, adopting 
the relationship * 

, klv” 


the total flow Q, which equals ^ | Vjd.r ! &c.| c.f.s., b 'comcs 

4 


Q 


-f &c. 




E, ^.•taking, as for a cast-iron pipe, n i'953, ^ ^*172, 





Thus three vSmall pipes of diameter d will give the same di?^charge as a 
single large pipe J), of the sdtw^ length, if 




D- 



i.e. if D 
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or one pipe 36-7 in. in diameter would give the same discharge as three 
24-in. pipes. ' 

. Since/ for large pipes, under fairly high pressures, the cost of the pipe 
line laid complete is very approximately proportional fo the cost of 
the three small pipes would l:)e 60 pyr cent. greater than that of the large 
pipe. From this it is clear that#, In general, the number of pipes Jin parallel 

^ should be the minimum compatible with satisfying conditjons of operation 
and of^ supply. 'Fhis statement is to 'he qualified in the case of a long 
supply line under a low^ head. Mere the pipe walls, if designed, simply 
to withstand the internal pressure, would, if the pipj^s were very large, 
be inadequate to resist the distorting forces due to their own* weight, and 
that of the contained water. ' The necessity for increasing their wall thick- 
ness adds to their cost, and in such a case the most economical subdivision 
of tlie pipe line must be decided from a consideration of the special cir- 
cumstances. 

38. Long Pipe Line, terminating in a Nozzle.- Let A be the area, 
1) the diameter, ancj V the velocity of flow in the pipe line, and let V2, d, 
and V refer to thcr nozzle. Thus if /? be the available head, and if the 
Chezy formula be adopted, we have, in a long pipe line: 


h 


V 


4V^/ , 7 - 

C'-=D ' 2 g 

7/- I 
2g 



I 1 1 , since Vy\ - 

— - ft. per second, 
d* 

iy‘ 




Tn general, the coefficient of velocity, Cr, oi a well-designed Pelton wheel 
nozzle is about *985, and the velocity will be reduced in this ratio. 

Since the energy discharged at the nozzle per second 

ft. lb., 

1 . 

the horse-power delivered at the nozzle is 



It may be. shown that this expression is a niaximum when 

l/ _ 4./1)C2* 

I) 

all dimensions 'being in feet. " ^ 

With a jet diameter greater than *is given* by this ratio, any further 
opening of the nozzle will result, in less energy being given to the wheel, 

f • (iiljr.on, k\\'drauh(S^ OU-, p. -^1- 

c ' ' ^ 
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which then beco^nes impossible to govern on part loads. While this can 

only occur in comparatively long 'small pipe lines, "the point should not 

be overlooked in the preliminary design. • • , 

39. Acceleralted and Retarded Flow in Pipe Lines: Water 

Hammer.— Where, owing to the /gradual jt,oppage of flow at the lower 

end of a .pipe line, the velocity of the wat/^r column is gradually reduced, 

the retardation Ijeing a ft. per second per second, this is accompanied by a 

* * • zvi • ’ / * 

rise in pressure at the valve of magnitude - lb. per square foot,*or of 

ft. of water. ^ ^ 

If the vaKx cl Isure is sudden, the elasticity of the water is involved. 

Each layer in turn is brought to rest, its kigetic energy is. converted into 

strain energy, and the disturbance is propagated back to the open end <)f 

the pipe witli the velocity of sound waves through the medium. Under 

these conditions, the phenomenon is known as zvalvr tiammcr, and the rise 

in pressure p at the valve is obtained from the relationship • 

,,2 pZ ^ ^ 

or p lb. square foot. 

Here K is the modulus of compressibility of the water, which has a mean 
value of 4;p2 X to^‘ lb. per square foot. Adopting this value, p - 63*77’ lb. 

per square inch, a value which shows that excessively high pressures may 
be obtained with comparatively low velocities of How, where this ^action is 
set up. In a non-rigid pipe line energy is expended in stretching the 
* pMpe walls, and the^hamme’* pressure is reduced, 'leaking this into account, 
R', the effectire value of K, is given by 


Jk(-' 


where r is the radius and t the thickness of the [>ipe, and, for steel pi[U\s, 
E 43*2 X TO^ lb. per square foot and rr .3*6. 

It may be s^iowit that pressures as great as those correspRndjng to 
instantaneous closure are attained if the time of valve closure does not 
exceed 2/ ; sec., where the. velocity of propagation of ift)und 

wajes along the pipe line, is given by Approximately 

4700 ft. per second for a rigid pipe line, ajid mjiy h<i as low as 3000 ft.* 
per second for a large thin-wajled pipe line. If the time*of,^closure is 

/ * 

greater than 4/ -X sec., the formula />' " I|). per sqfiare k)ot is 

applicable.* ^ 

If the valve is bging opened, so that the w^ater coluftin is being ac- 
celg'ateT, a corresponding* drop in pressure qccufs at the valve. "These* 

* For a discussion of the rise in prcssiye wifli uftitorm and tion-uiufonn valve tlosiire, 
see Hydraulics, Gibson, pp. 222-43 
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changes of pressure are superposed on those due to pipe friction at the 
velocity obtaining in the pipe line at any 'instant. ^ 

, 40. Flow in Open Channels. — As in the case of pipe flow, the earlier 

experimenters assumed the loss of head during steady* flow in an open 
channel to he proportional to jthe square of the velocity, and adopted one 
or other •modification of the Che^y formula 

, zj - 

■ *1 t 

where m is the hydraulic mean depth 

^^cross-sectional area (A) ! wetttj^d perimel^r (P), . 
and I is the gradient ol the channel. 

The best-known of these formulae are due to Ganguillet ^and Kuttcr, 
and to Jhizin. 

(jauguillel and Kutler put 

. I -8] I , *00281 

41 fit) H f - c 


and Bazin put 


/ *00281 \ n 


m 


157 ^ 


x/: 


m 


The Values of y and n in these formula! depend on the roughness of 
the surface. For straight channels the following values are applicable: 


Cliaiciclcr ot‘ Surface. i 

A ! Smooth cement or planed timber. | 

Unplancd timber, slightly tubereu- j 
B Ij lated iron, ashlar, and well-laid i 
brickwork . . , . . . ' 

Kiibblc niasoiiry and brickwork in | 
C! [j an inferior condition; line well- ' 
rammed gravel . . . j . . 1 

j! Rubble in inferior condition; canals | 

1) : v.'itli eartfien beds in perfect con- 

I ihtion . , . . . . . . ' 

» * • 

j ("awals with earthen beds in go*Hj i ' 
^ I , ‘ conditicm, . . . . . . ' . . 1 


Bazin V 

1 ]vuttc*r’s n 

•109 

\ 

! -OCM) -oio 

i » 

•290 

•012- *013 

1 


• 

i 

j 'Ol/ 

1 

1 


6 

u 

0 

^•54 

1 

* 

! -0225 


Bazin's formula apj^cars on the whole to He ilie more reliable for arti- 
ficial channels and coniluits, and the coVresptmeiing values of c in*'Chezy's 
formula for the' different surfaaes and hydraulic mean depths are given in 
the follow ing tajile: • ^ / 
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« ^ Values of c computed from Bazin’s Formula. 


Surface. 



• 

— 

- 

— 


m -5. 

» 

m -^10. ; 

m -- 2 0. 

j w 5*0. 

m 1 0. 


^37 

1 t 

. ft 

7 ” , 

.ft ^50 

^52 

B. 

1 12 

122 j 


140 


1 c 

ft c *- 

i i 

100 

115 

! ^25 

i * D 

61 

1 74 ’ ' 

88 

j 104'’. 1 


i i 

50 

1 62 

1 

76 

1 ft 93 

106 


- - 

% 

ft 


• 

ft 


More recent investigations indicate that w more correct formula for 


channel flow is of the form 


V - 


where the indices x and v, instead of each being -50 as in the Chezy formula, 
have other values. 

I^fFcrent investigators have determined the values of /e, v, and y for 
various surfaces. Among these, Unwin, Thnipp* Fidler, Williams, 
Tulton, Lea, and barnes are most worthy of note. Barnes,* as a result of 
an extended investigation of results by many observers, gives the following 
values, and formulas, for clean surfaces: 


: jc ; 


Friction Head 
h in Feel. 


Hydraulic 
Mean Depth 
m in Feet. 


^ l^laned wooiien flumes 223*3 i * 5 ^^’ 


f 'OO 0 O()S/v^ 7 °’ I •00027^?’* 

I .2^ ! / J'SS 


l-r 1 1 in < ' /// A i 'OOOIO7/7J' '^7 'OOO4O37;' 

I Ijnniaiietl wooden flumc.^ ih2*«; ■ooO •<;oo ' T. 

, » I i ' W ' 7 r / ■854 

I Neat cement channels .. 136*3 i *633 *484! 00003^/7; 0004357; 

I • .'I I , ‘t ‘ti ^ 


I Smooth-faced concrete . . 


' ;oooo 63 / 7 ;-^ *0003247’’ 7<>4 


Hard, \vdl-p«inted brick. . 92*1 | *602 *466 


ll -000061/7;^ *0005467;’ 


I DrtW m-asonry channels! I , Voooohoft;-’ -oonS..' 

, sel* in cement with no | 109-7 •7>3 '-483| ,4-,, - 1- ,,77 

projections ...... I : . • • 


Hammer - dres.sed drv ^ 1 ■ *000204/7)^ ° oo^Cc 

70*0 *S20 *500 • , 1 ,^ i I (I, 

masonry ^ ' tn* % t / 


Earth canals in average! j , ! ; ♦ .000275/1-“= t 'OO^Ssr;' ■*" 

condition free from vege- ^ 49 ^ ^ I 'T?.';*. 

tation j! • , * i. 

• • 

• A. A. Ikirnes, Hydraulic Flmv Rerne^veB Sc Co., ig 1 t>), ji. 47. 
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of flow depends on the tendency to erosion of the sides and bed. The 
following safe mean rvclocities are taken from values given by Ganguillet 
and Kuttcr, who, Jiowever, state that the*se are too small rather than too 
large. ^ * 

, , , i| I , Safe Mean | 

Material ot Chonnel! I Velocity in Feet ! 


* j 

per Second. 

Very soft silty soil . . * . 

• 3.3 

f^oft loam . . 

•f)6 

Sand • . . 

I 32 

Gravel 

2 64 ^ 

Gravel and small pebbles . .i 

3 -94 

Cainglomeratl; ^ . 

6-56 

Stratified rock 

(S-20 

Hard rock.. 

*3*2 


R. G. Kennedy,* from observations on irrigation canals in light soils, 
concludes that the syfe velocity increases with the depth according to the 
law V oc For 'Sandy soil he gives the values 


Depth, feet 

2 

3 

4 i 5 (> ■ 7 

1 

s 

Mean velocity, f.s. 

•• **3 

i _ 

17 i 

2-0 1 2*4 2f>5 2*9 

i 

3'2 ' 


More recent work shows that for medium depths in light soil a mean 
velocity of from i-z to i-8 f.s. is safe, while in firm loamy soil the safe< 



velocity is from 3-Ok to 3*5 f.s. On firm well-rammed gr;ivel this may be 
increased t.o *^>etween 5 and 7 f.s. In a concrete-lined channel faced with 
cement, tin; maximum saffe velocity with water which carries solid material 
in suspension is about 9 f.s. A higher velocity wears and roughens the 
bottom until this roughness reduces the velocity sufficiently to prevent 
^furthey erosion. Witlj a brick or d*ry-laid h<-‘^vy rubble chktF.nel the 

* Proc. f?. F., Vol. IK), 1S74 5/ p. 2S1. LL S. f;eoIo;,Mcal Survey: IVarer Suf)piy 
and Imitation, Paper NA. 95, pp. ’arid^'f7. 
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,] 

velocity should not exceed 15 Ls. Any higher velocity necessitates a 
carefully-laid facihg of* heavy masonry with cemented^joints. 

44 . Distribution of Velocity in an Open Channel. — The distribu- 
tion of velocity ir. a straight channel depends somewhat upon the mean 



velocity. The maximum velocity is found near the centre and in general 
below the surface, even with a down-stream wind. Its depth usually 
varies from -ih to *4/^, where h is the depth of the stream. The curv^es 
•of fig. 30 show typical contours of equal velocity, and the distribution of 



velocity, ft. per sec. 

[ iH 13. Vcriic.ll \clocir> (’urves in r>pfn , 


velocity in a .series of verticals in a rectangular channel.' Figs. 31 and 32 
show the results of a series of gaugings on a concrete channel" j 6 ft. wide. 
These curves show' the variations of velocity in a vertical plane. Velocity 
measLirerments were nfade at eight ^equidistant poin^ts in a eros.^* sei tion, 
and each plotted point represents the mear^ of' all eight observations at 
that particular depth. The effect of iln increase^in mean 'velocity in raising 
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I 

the filament of maximum velocity is well shown by the curves of fig. 31, 
while the effect, in the same direction, ‘of a diminution ifi the depth of the 
stream is ^apparent from a comparison of the curves of figs. 31 and 32. 

It is found that the depth of the point of mean velocity in any vertical 
is sensibly independent of the directjon of the wind, probably because an 
up-stream wind banks up the head w^aters and so increaseii the surface 
gradient ' of the stream, thereby increasing the velocity of floW over its 
lower j)ortions to.^an extent which copiptnsates for the “reduced velocity 
of the surface layers. 'I'he depth of this point varies from about *55/7. 
to -yoA, depending on tht; depth and roughness of the channel as indicated 
below. , . , ^ , 


Condition of ! 
\Ud 

• € 

Cjra\cl and Small Uoulde^-v. 

Small Gravel and Sand. 

Wood or C’emcnt. 

i 

Dt'plli. fic't 

i 

j 0 to 2 

1 1 

* 2 to 4 1 4 !t» (t b to 10 

0 to 2 2 to 4 4 to 6 , (> to 1 0 

0 to 2 2 to 4 4 to () (t 10 10 j 

Depth of point } 1 
of me.in vt- t j 
lociTv.jnleims j 

oi h. J 

i 

1 

«;H -bz ' bb 

• ■ * 

; 1 

57 ; fis j hy 

i ! 

■hi 1 -bs , I 70 1 

1 i 1' ' 


CJencrally speaking, the velocity at six-lenths deptli in any vertical 
gives the mean velocity in that vertical within 5 per cent except in abnormal 
cases, while the mean of the velocities at one-fifth and four-fifths of the 
depth also gives the mean velocity within narrow limits. The,, velocity 
mid depth is from 1-02 to i*o6 times the mean velocity, the ratio increasing 
with the depth of the stream. While the surface velocity should only 
be usecl for gauging purposes when other measurements are impracticable, 
its value, on a still day, is between 80 and 100 per cent of the mean velocity 
in its own vertical. '^Diis factor increases with the depvh of the stream and 
with the smoothness of the channel. 

In a very shallow stream, the vertical velocity curves approximate to 
straight lines, and the mean of surface and bottom velocities gives a close 
ip^proximation to the mean velocity. The ratio of the velocity at mid 
Llepth to the mean velocity in any vertical varies very little, its usual value 
ranging'^ from 1*02 to i-oO, increasing wuth the dtj^th of the stream. A 
value of 1*04 will give the mean velocity within 3 per cent for all normal 
sections and velocities oi How. 

'rile essential n'sults of a number of river gaugings by members of the 
United States Geological Survey are given below.* Here the symbol S 
means sandy; Gi, gravelly; R, rocky; H, boulders; M, mud. 

45 . Nop-unifbrrri Flow in an Open Channel. Under conditions 
of stcadv Ilow’ in a,channcl of uniform slope and section, the velocity adjusts 
itsclV until the condition V — c^hni is satisfied. Under such conditions 
tlic depth assumes a steady vaUie H, such th^al the discharge Q — VAII. 

If, owing to some obstruction or irregularity in the cliannel the depth 
is altered, the, surface slope is also altered. The effect of ;my siicTi obstruc- 

^ li S. (jtoInt’Jt'cM SviiVL-v' }Va1cr^uppl\ ami Irrigation, Paper No. 95, pp. 150-S. 
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» 9 

Approxi- 

4 

"Range of 1 

Coefheient for reducing 
to mean velocity in any 
vertical the vcl. Observed 
at following points. 

Per cent 
of depth 
at which 

Character 

River. 

i • 

I • 

: Appomattox, Va. 

Width, 

Feet. 

150 

Depth, 

Feet. 

1 

1 

. 2 * 5 - 4*9 

Six- 

tenths 

dep^ht 

• 

i-oo 

\lcanof 
top nnd 
hot Kim. 

I*II 

Top.’ 

•81 

thread 
of mean 
vel. 18 
found. 

6 f *5 

of 

bottom. 

s 

Jamd^, Va. . . *. . 

850 

5 - 0 ^ 

4*4 

1*01 

I *08 

,*88 

596 

s 

Roanoke, Va 

1 10 

1-8- 

3*3 

*99 

1*01 

*81 

60 *9 

R and S 

Staunfon, N.C 

400 

2-0 — 

6*0 

•96 

i*I2 

•95 

65*7 

G and S 

Dan, N.C > . . 

(300 

1 * 4 - 

3*7 

•99 

1*01 

•86 

61 *6 

S 

Dan, Va. ‘ . . • , . . . 

3 SO • 

3 * 5 - 

9-8 

•98 

1*09 

••90 

636 

S 

I Reddie, N.C 

S5 

i* 7 - 

2*5 

T*Oi 

*97 1 

■«3 

•57*7 

s 

Yadkin, N.C 

160 

2 * 7 - 

6*3 

••96 

1*12 

*91 

66*5 

S and B 

Yadkin, N.C 

4.^0 i 

4 -o-~ 

11*3 

1-02 

1*06 

*81 

59*2 1 

S and R 

Catauba, N.C 

200 ! 

1-8 - 

5*0 1 

1*00 

I 04 


60*6 

S and G 

Catauha, N.C 

200 I 

6*3 - 

7*0 i 

1*00 

1*08 1 

*88 

5§*5 

M 

1 Catauba, N.C 

1 10 i 

3*5 ' 

I 01 

1*05 ! 

•80 

59 0 , 

S 

1 Wtterce, S.C 

300 1 

^ 2-3 

17-7 ; 

1*01 

*•*3 

•90 

5«-4 

M 

i broad, S.C 

500 ' 

5 * 0 - 

8-<;i 

•96 

« 

1*22 

’ *89 


M and S 

1 Saluda, S.C^ 

800 : 

3 * 0 — 

8-5 i 

*97 

1*03 

••82 

62*2 

S 

i lattle Tennessee, N.C. 

660 j 

3 - 6 - 

6-0 

1*03 

i*o6 

*«3 

587 

B 

I Nolichuckv, Tennessee 

0 

0 

1-6 — 

5-1 ! 

1*02 

I 02 

*80 

59 ^ 

B 

1 FishkiU, N.Y 

90 

2 

5 1 

1*036 

— ' 

*79 

58-7 

G 

: Wallkill, N.Y. .. .♦ 

130 

3 - 

17 ! 

•98 

— 

•«5 

63-7 

S 

] Farad Flume, Cal. 

lO-I 

5 98 ' 

*95 

1*25 

1*09 

76*0 

Wood 

Cornell Canal 

i6-o 

7 * 2 - 

8-3 1 

- 

— 

<’57 

Concrete 

1 Cornell Canal 

i6‘0 

' 55 - 

1*9 

— 

- 

— 

54-3 

Concrete 

• 


rion depends on slope and roughness of the channel, aiid on the extent 
to which the’ depth is initially affected. If, for example, / is less than 
g ^2, which, in a channel having r -- ijo, would correspond to a slope * 
less than *003, the states of affairs produced {a), by a sluice gate reducing . 

the depth to a value less than H x ; (/>), by a drop in the bed of the 

S 1 //r“ 

stream reducing the depth to between H aifd M X ; (f),^by a dam 

raising the level to a value greater than II, are shown in fig. 33, a, b, and r. 
If i is greater than g ; r-, the stateji of aflairs produced (d) b> a ftluice 
gate reduiting the depth to a value less thanjl; (e) by a drop-in the bed rc- 

duang the depth to between II X v/ — and II; and (/) by a dam 


incrcas-. 


ing the depth to above H X , are shown in fig. 33, d, e, StndJ. 

T . * * • 

Wherever the depth attains a critical value, ecjual to ITx the 

surface ^lope become’s infmite, the, profile is perptmdicular to the ’bed of 
the stream, and a stanHing wave or waves are produced, .as indicated in 
%• 33 » -*nd/. • 1 . 

V»/L I • ^ • A 


5 
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It will be evident that no gauging operations should be carried out in 
a portion of a stream likely to be affected by any such« disturbances. 

Back-water Curve,— The case shown in fig. 33^, in wJiich a dam erected 
across a stream of moderate or small gradient may raise the surface level 
for a very considerable distancje up-stream, is qne pf importance in practice. 
If the strean! is of regular section, and is*vyi 3 e compared with its depth, it 
may be shown that the depth hy^ at a point ly feet up-stream from* the dam, 
ss giv(!n by * 

* hy hyy = Uy “ H j 1 

♦ 

where is* the depth behind the dam; • • 

where H is the depth of a stream \\hic^, if of the same breadth but 
of uniform depth, would give the same discharge. This makes 

Q A fx/n/, or H 

y allies of the function 0 
values of the ratio h -! II. 


( ) are given in the following table for various 

■t 1 » • 




h 

, ( h \ 

h 

H/i) 

h 


h 

^(n) 

11 

1 

''' yn) 

fi 

H 

II 

J I -ooo 

. °° 

1-020 

2*098 

I * 10 

'•5S7 

2-20 

1*015 

; I -oo I 

3*ogo 

1*025 

2-025 


I -468 

2*50 

•989 

I *002 

j-- 2 *860 

r *030 

I -966 

1*20 

>•387 

30 

•</)3 

; I *003 

1 2-725 

1 *036 

I *908 

1*30 

1-280 

4*0 

. -939 

1*004 

2*62^ 

1-044 

'•843 

1 -40 

1-211 

50 

-927 

1 I *005 

2-555 

1*050 

1 -803 

1-50 

1-162 

7-0 

• 9»5 

1 J *007 

i -;445 • 

I *056 

1763 

1-60 

1*125 

10*0 

*911 

! i-oro 

1 2326 

1*060 

i *745 

1-70 

I *096 

15-0 

•909 ! 

1 J -012 

j 2-266 

1*070 

1-697 

i*8o 

1*073 

20*0 

•908 , 

j 1-015 

1 

1 2-192 

1*080 

1 *656 

2-00 

1 ^’039 

50 J 

-907 1 


Since this formula is based on the assumptions that c remains constant 
in spite of the variable depths of the channel, and that the hrer^dth is so 
relatively large that the hydraulic mean depth is sensibly equal to the ^actual 
depth, its ivsults are not strictly applicable to the case of a channel of 
normal dimensions. 

If, however, the value of H be known for*the actual channel, the results 
as calculated from the formula are very nearly in agreement with those , 
obtained by more cumbrous methods in vvliich fhe Variation of c witfi 
depth is taken into account, e\^n f©r extreme sections. As aft exajuple, 
consider the case of a circular concrete conduit 7*30 ft in diameter, litiving 
a gradient of i in 3168 or 20 in. per mile, disdharging 30 million gallons 
per day at a normal qentral depth of 3 40 ft. Let the depth be increased 
to 5*48 ft. by means of ^ vmr, and'determine the dl‘pth at a point 4460 ft.* 
up-stream. ^ • 

* Gibson, Hydnmlii^ (GonstablJjS: CiV 191 -)• 



68 


HYDRO-ELECTRIC ENGINEERING 


« • # 

Before the introduction of the weir 

(H 3 - 40 . 

The cfoss-sectional area 19-2 sq. ft. ^ 

The, wetted perimeter - 10*9 sq. ft. 

The hydraulic muan depth 19-2 10*9 = i-,76 ft. 

.The mean velocity #>f flow 2-90 f.s. • 


V* - 


•oj mi 


290 


y f • 

/i-76 X *0003157 


123-S* 


Then from formula (r) p. 67, 

5-48 * = (-0003157 X 4460) 


- 3-40 ( I -• 


' 15?5o . ^ 
3168 X 32*2/ 



'^rhis equation is to be solved by a process of trial and erri)r. * 

Thus assuming //| 4*0; 3*40 -- 1*178, </>(// ^ : 3*40) — 1*425, 

and the left-hand side of the equation equals — -94. 

Assuming 5*0; 3*40 1*47, 3-40) = 1*177, and 

the left-hand side of the equation equals i *77. ’ 

Evidently the true solution is somewhere between 4 0 and 5*0, and 
would appear to be slightly nearer 5*0 than 4-0. 

Assuming 4*6; 3-40 i*354, 3’4o) -- 1*245, 

the left-hand side of the equation equals -i *17. 

^ Plotting the three values — *94, f ’17. ^nul 4 *77 against the corre- 
sponding values of /q, and drawing a smooth curve through them, this 
curve in>.ersects the zero axis where ^ 4*52 ft., showing that this value 

of //i is the solution of the equation. 

tPhe accurate solution of this particular case lias been wTirkcd out by 
Jameson,* wdio has plotted the surface profile. At this point, the depth 
as obtained from the profile curve is 4*50 ft., or sensibly identical rvith 
that obtained from formula (1), p. 67. This case lias been considered in 
detail, becaqse the circular section diverges at least as far from the con- 
ditiotis assumed in, obtaining this formula as does any section likely to be 
adopted in practice.' 

Where the width or depth of, the channel varies appireciably, the problem 
may be investigated b^’ taking the chapncl in stages* in each of which the 
variation is rel;itively small * 

* A. 11 . Jameson, 'vl.lnst.C.l^ Institution ol Water Kn^.nnecrs, 5th December, 1919. 
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46. F|low ovgr W^irs. — The flow over a weir can be expressed as 
Q = KAH- c* ft. per second 

where b is the length of the weir in feet; • • 

where H is the head over the cre.<}t, fneasi/red to the level of still 
Ivater behind the weir; • * • 

where K it? an experimenlal coefficient, which varies with the type 
and conditions of discharge. * 



I'ls-T 14- — Viilucs of tv in Ha/'in’s Wrir I'ormul*^ 

Sharp-edged Rectangular Weirs . — In the case of a I'ectangulaj- weir 
having a thin jjharp-eciged crest and a vertic;^! u^-streani lace, the two^ 
most useful formulae are those of Fi;ancisf arftl/)f Bazin. 

In the Francis formula K = 3 33, w 4 ii|^' is replaced^by h — 
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where n is the number of full end contractions. >yeir with no end 
contractions is said to* be “ suppressed ,In the Bazin formula, 




Francis*, Q 
Bazin, 


for a suppressed weir*. These 
vaRies of K apply where the area, 
of the approach channel is so rela- 
tively large that the effect* of the 
velocity of apj^roagh may be ne- 
glected. If, as is usually the case 
in a suppressed weir, the velocity 
of approach is appreciable, the for- 
mulae become: 


3*33(A - o-iwH) |(H f hy — h^\ c.f.s. 

^ ■ I ’ ' f h)'} c.f.s. 


where, in the Francis formula, h = 2gy and where v is the velocity 

of approach, while, in the Bazin formula, P is the height of the weir crest 
above the bed of the approach channel. 



Weir 

K. 

y 

-n 

R 

A 

1 • 0 

6-0 

1-0 

B 

•95 

3 ’66 

3 *0 

C 

^75 

3*0 

3 -0 

D 

1*5 

3- 0 

3 -0 

e 

J'O 

3-0 

3 -0 


The curves of hg, 34 show values of K corresponding to different heads 
and depths of approach channel, as deduced from Bazin's results. 

The above formulae apply only to a weir having free access of air to 
•the under side of the falliijg sheet or nappe. 'If ,^he nappe cling^i to the 
crest or front lace of the weii , cr if /rce access of air is prevented, the 
discharge is inQ^'eased. . * ^ • 
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Triangular Wfirs.—\i the weir^is thin-crested and sharp-edged, and if 
6 be the angle between its two s/des, 

» Q - 4 28 i tan ^ ‘ c.Ls., 




where c depends slightly on 0 , atid H is measured in feet. 

If 0 ~ 90' , c ' ,2-53(i*ir c.f.jj. 

If tan ^ - 2, r -hiS, and Q '5*29 11 t.f.s. 

Cippoletti IlV/V. — If the sides of a wtfirjiaving two end* contractions be 

inclined outwards at an angle fiwilh tht;verkca] (fig. *35), the value of K 

• • • • • 



72 


, HYDRP-ELECTRIC ENGINEERING 


in the formula Q = KftH' is sensibly, independent of ,the head if 0 is 
such that the side slo|)e is i horizontal to 4 vertical. Such a weir is called 
ja Cippolefti weir. T'he discharge is given by 

• 'Q 3-37 611 c.f.s., 

if the velocity of flow in the approach channel is negligible, anti by 
Q 3-37 61 (H + ^ (6)'; c.f.s., . 

as in the hVancisi'formiila, when the velocity of approach is taken into 
account. 




tiK of Flroad Wcir ^ 

I * 

Broad-crested Weirs — Experiments indicate that if the width of the 
'crest of a sharp-edgtd weir is -less than about -33 11, the nappe will spring 
clear of tho Crest. Weirs with wider crests, in which the nappe adheres 
to thf crest, arc termed 'broad-crested weirs. Expressing the discharge 
over such a w’eir as ^ _ K’6H' 


•the value of has becli def.erniined * for the ca^e ©f a wxir, having a sharp 

* See U. S. Ocolopical Survey \i^ater*}^uppl\ and Irri^aWm, Paper No. 200, R. K. Horton. 
Also “ Rafter ”, Tr^m Aw. S(*{' O, Zs'., Vol. 44, 1900. 
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upper edge and a t|[oriz9ntal flat cresjt, and for weirs of the forms shown in 
figs. 36 to 38. 

These values are as follow: 





Flat- 

PRESTED 

Weir • 



// (feet). 

• 

• 


1-65 ft.^j 

1 

- ^ , — 

Width of J.'rest. 

. 

• 

ivv 

1 ___ 

0-48 ft. 

o g3 ft. 

ft. 

S-Si> ft. 8 y8 ft.. 

• 

.2-24 ft. 

16-30 ft. 

1 0-5 

3*01 

^•76 

1 

! 2-73 1 

2-66 

2-6i • 2-6i 

2 -6 1 

2-6i 

1 i-o 

3 ‘24 , 

3*0 1 

2-93 1 

2-70 

2*67 2*66 

2-65 

2*64 

1 '-5 

3-33 

3*^9 

3-03 I 

273 

2*6q 2 •67* 

2-67 

2 65 

1 2-0 

3*33 

3*29 

3-08 1 

273 

^2*A8 2*67 

2-66 

2-65 

! 3'0 

3*33 

3*33 ^ 

3-12 1 

271 i 

265 2-64 

2-62 

2*61 

1 4-0 

3*33 

3*33 1 

3-15 1 

1 

2-69 I 

2*63 2*6 1 / 

2 -60 

2*59 


Weirs (A to I') • 


//(feet) 

A. 

B. 


IX 

. I). 

I . 

0-5 

3*21 

3**0 

3*22 

3*23 

3*23 

3*23 

1*0 

3 42 

3*27 

3-35 

3'4f> 

3 4f> 

3*27 

^*5 

3*54 1 

3*3^ 

3 44 

3-61 1 

3'^ 

3*40 

2-0 i 

3*55 I 

3*44 

3 -47 

3 -68 i 

37s 

3*4^’ 

3*0 • 

3*30 1 

3*4« 

3-4« 

V75 : 

3-87 

3*^7 

4*0 

1 

3**4 i 

3*5* 

3-48 

3-tSi 

3'<)f> 

3*^5 


f Up-stream slope. 1 1 

to 1 . 

Type (; 

2 to I. 

3 to I. ; 

4 r 

• 

- 

5 to r. 

Crest width (ft.), i ' 48 . 

-. 33 *. 

•66*. 

•66*. 

■66*. 

•66.* 


[0-5 

1 3-22 

3*35 

3*22 

3 •64 


3 * 3 * 

i ^ 

i-o 

• 3-57 

3-68 

3*44 

3 - 8 ^ 

3*44 

3*33 

■S. 

*5 

3*59 

3*83 

3*59 

3-83 : 

3 46 

3-34 • 


2-0 

3-60 

3*77 

3*66 i • 

3 -(>9 

3-48 

3*35 

i ^ 

t-rH 

3*0 

'• 3 - 5 « 

3-68 

3*68 

3*55 

3-48 

* 3 - 3 « 

l-M 

140 

3 - 5 .^ 

370 

370 1 

3*55 

3-48 

3 '39 

Hea% (feet). 

II. 

K. 

Types 11 to P 

- - - • 

L. M. 

1 N.t 

• - 

i 

1 ^* 

0 

i I‘- 

•5 


• 

3*53 

3-47 j iH 

• 

i 3 * 2 * 

■# “ ■# 

2-91 

3 '65 - 

j 3 -o^> ! 

I'O 


3*59 

3 - 4 f> 1 342 

3 * 2 * 

. 3 if> • 

3 63 

i 3 -'os 

1*5 


3-f'4 

345 : 3 52 

• 3 20 

, 3-33« 

3*6j 

i 3-04 

2*0 


3 As 

3 42 . 3 ’6 1 

' 3 -if* 

3-4^ ; 

3*5^' 

1 

; 3** , 

3*0 


3-f>3 

3-35 ■ 3-^1 

■ 3*of> 

!!- 5 i ' 

:V45 

I 3*20 ! 

4*0 


3 -61 

3;29» y(>(^ 

3*01 

3-«8 : 

3 ‘3^ 

! 3*27 i 


♦ “ Rafter ”, Cfcst height, 4*7 ft. , 

i* N ts the same as M, but with the additioif uf^a square bi^lk to the crest. 
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47. Precautions to be adopted in Weir Gaifging^s. — The standard 
sharp-edged weir having a free discharge, or, for small quantities, the 
right-angled triangular notch, are the only types for which the coefficients 
have been deter;nined with sufficient accuracy to admit of use for accurate 
measurement of flow withoivt4 previoils calibration. ^ 

For i|ccuratc measurement the following are essentials: r 

I t 

1. Sharp-edg^d weir sill, fixed so as' to be incapable of vibration, having 

its face vertical and perpendicular to the direction of the stream, and, if 
rectangular, having its sill horizontal. 1 

2. Clear dischai gc into air, with no adherchce of the vein to the weir face. 

3. Weir lo'ng in proportion fo its depth, i.e. h > ^ H, 

4. // small in comparison with the depth of the approach channel, 
and sectional arda of vein (bll) not greater than one-sixth that of this 
channel. 

5. Suitable channel of approach. This should be as long and of as 
uniform section as possible so a? to allow of the motion becoming steady 
before reaching the weir. The length should, if possible, exceed 30 //, 
this ratio being increased where the length of weir is largely in excess of 
3 //. In Hazin’s experiments the length of supply channel w^as 49*2 ft. 
with a maximum head of 1*97 ft. and a maximum weir length of 6-56 ft., 
giving a length -- 25 If. 

6. Accurate determination of the head 11 . For accurate work the 

surface-level should not be taken in the stream itself, but in a stilling 
box or’ pit from 18 in, to 2 ft. sejuare communicating with the stream 
through a pipe of about i in. diameter. Hie zero of the gauge should bo 
accurately adjusted to the level of the weir crest. This may conveniently 
be done by driving a post into the bed of the stream above the w^eir, until 
its upper end is above the level of the crest. A brass peg is driven into 
this and is filed down until, as shown by straight-edge and level, its point 
is exactly level with the crest. 'The water-level may then ’be adjusted with 
great accuracy until this point is in the surface, when the zero level may be 
read olf/in the gauge. Where it is impossible to bypass the flow past the 
weir ’for this preliminary work, a vertical post fixed near the weir on its 
do\;m-stream side may be graduated by straight-edge and level, to give 
heights above the crest. These may then be transferred by straight-edge 
and level to 'a graduated scal^ in the measuring pit, or may be used tqgivc 
the datum level to which to adjust the zero reading of the hook or float 
gauge. For accurate x^ork, Uhere individual readings ifi'e to be taken, a 
hook‘ gauge (fig. provided with a vernier for reading to the nearest 

•001 ‘ft., and with s^rew adjustment, is best. WTere an automatic record 
is to be kept, the level is recorded by a float operating the recording pencil. 
For rough work the level may be taken on a vertical .staff gauge driven into 
the bed of the streani or ^attached to* some c<^nvcnient support. Such a 
gauge should be surrounded by it stilling box in order to damp out surface 
oscillations. , 4 * _ « 
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48. Time req[uire^ to lower .the Level in a Reservoir, by dis- 
charge over a Weir. — Since tl}e volume discharged'by the weir is Kbh^ 
the rate of fall of the surface-level will he Kbh^ A, or ’ 

dh Kbh- 
dt 

Intograting this, the time ^ sec.) required to reduce the head on 
the weir from to is given hy * 



• TIME in" DAYS • * * 

I Flood Curi?c for yarpei Kiver, Nrw Zealand 


49. Time to raise Level during Flood Discharge. Since a 
flood may occur when a storage reservoir is already full, provision juusl 
be made for dis(^harging fJootl water without an ajinortual increase in height 
behind the dam, and it becomes impyrtanf tef Ik' able to determine the rate 
at which the surface-level rises, and at whk:h^it* falls as the Qood subsides. 
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Floods always rise rapidly to a maximuipfi and subsidf more slowly. Fig. 39*'* 
shows the rise and fill of a typical flood in the Harper River, New Zealand, 
, and also fehows the corresponding change of level in a reservoir of 400 X 10® 
sq. ft. surface ^area, discharging over a spillway weir 660 ft. long with 
a weir coefficient of 3-0h,»anc!«subject Vo this inflow. ^ 

If Q be the rate of inflow at a given instant, and H the cocresponding 
head on the weir, the excess of inflow^ ov^** outflow will b/^ 

• Q - Kbh c.f.s., 

and the rate at which the surface-level is rising is givei by 

dh 

dt A 


I’his can be iktegrated if A and Q are constants, and writing Q Kill', 
where H is the head over the weir when the discharge is Q and r h -> IT, 
we get 


T 


2A 

3K6V/H 




1 1 /•,4-v^ 

I — s/r 




-- K,'(/>(r), where K' — 2A 



Values of 0 (r) have been tabulated by Gould f and are given below. 





> atuo ui ' 

rwuju .'i 

1 um iHMi 





• 00. 

•01. 

'02. 01. 

•04. 

•05. ; -of). 

•07. 

•oS. 

•or/. 

0 

•0000 

’0153 

•0306 *0459 

•0613 

0 

g 

0 

•1226 

•1378 

I 

•» 53 ^ 

* 1 

•183S *1992 

•2155 

*2319 -2483 

•264-,'.| 

-2810 

-2973 

2 

■3137 

•3301 

•34641 ■36’8 

•3791 

*3955 *4137 

•43 '9 i 

■4501 

•4683 

3 

•4805 

•5047 

•5229' -5411 

*5593 

'5775 *5957 

•6139. 

-6321 

-<^534 

4 

•h 747 

•6960 

•7 ' 73 ! • 73 *«> 

-7598 

•7811 -8024 

-8237; 

■8450 

-8663 

5 

•8876 

• 9 G 7 

-9399 1 -9660 

-9921 

1-018 , 1*044 

! 1-070 

1*097 

1-113 

6 

1-149 

i 1-^75 1 

I -201 i 1*232 

1-267 

i '303 *•33^'^ 

*373 

1-409 , 

1-444 

7 

1*479 ! 

! 

‘•550 

i *620 

1-656 11-707 

I -759 

1-8 11 

1 -862 

8 ! 

1-914 

1-966 1 

2-ot8 2*071 

2-149 

2-226 : 2*303 

1 2 

-:-458 

2*535 

9 1 

2*613 

, 2-768 ' 

2-923 3*078 

i ' 

3*235 

3-389 3-544 

i 4-010 

•3-475 

1 4*940 


The ab(,'ve equation giver the time necessary for the level to rise from 
// - o to // - rll. If the rate of variation of Q with time is knowrf, this 

may be taken as constant over a small range of surfafe-lcvel, say *5 ft. 
For example, for the first half-foot the time is given by 

t.-t. -o). 

Noav with the*" new Q, and, if necessary, the new value of A and of K, 

• E. Parry, B.Sc., M.T.E.E.J Impounding Flood Water, WeiJington, 1919. This 

paper ^ivcs a graphical metiiod of.dctcrpumnH'thc rate of rise and fall of the surtace-Ievel in 
the storage rescrv^oir. \ ^En^mcerirg News, 5th December, 1901. 
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calculate the new value of K', say K' 
from *5 ft. to i*o h, is ^‘ven by 


Then the time for the level to rise 


and so on. 


T.-Ti 





VALUES OF h.-H 

Fir 40 — V.iliiL’s ot »/»(») for I.owrrinR of Surf;itr Fcvi'l of .1 Rc^tivoir l>y PimIjutrc o\ei .1 Wtir 

If the rate of inflow is less than the discharge, so tliat the siirface-Ievid 
is falling, Q - KAH* is negative, and the solution of the e(|uation becomes 






3KA 

where 0 ( j^) or </> (y) lias the value 


log. 




v/r'-f 


. 2N^ y i T 

f-V3 tan. • / ’ 

y -1- vV ^^3 


y now being greater than unity. This gives the t*me tp lower the surface- 
level from A] above the weir^ crest, to //2. ^Values of this </>(y) are given 
in the graph of fig. 40.* 

* For further information t>n Aiis subject an .article bv Jt. E.*Horton,“ Determining the 
Repulatin^ Effect of a Storat»e Reservoir”, L’?i£/inea?jw/j A/’m’s Reevid, sth^Septembei , 191H, 
p. 455 may fie consulted. * 
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Reservoir of Varying Cross-sectional Area , — In the foregoing analyses, 
the area of the reservoir has been assumed to be Sensibly independent of 
the depth of wat^r over the range of deaths occurring during the period 
of overflow. Where this is not true, and where the ‘area corresponding 
to a given dejith is known^ the foregoing equations are best solved by 
graphical integration. 


CHAPTER VI 

The 'Pev‘elopmt;nt of WatCT-power Schemes 

Classification water powers; schemes of development; power available; 

definition of head. 

50 . Classification of Water Powers. -Hydraulic schemes may be* 
roughly classified according as they utilize a high, medium, or low liead. 
While there is no definite line of demarcation between a high and a medium 
head, or between a medium and a low head, a high-head installation is 
usually understood to be one using a head between 500 and 5000 ft., and 
developing its power from Pelton wheels. A low-head plant is one in 
which reaction turbines, usually submerged, are used, ami in. which the 
head is anything between the lowest practicable limit of about 1*5 ft. and 
80 ft. Medium heads lie between these limits, and use Felton wheels or 
reactioii turbines, depending on the volume of water available and on local 
circumstances. More recently the reaction turbine has been used to an 
increasing extent in the region of high heads formefly thought suitable 
only for the Pelton wheel, and the limiting head up to which either type 
may be used is at present in the neighbourhood of 750 ft. 

51 . Schemes of Development. —The working head may be obtained 

in a variety of ways. ^ 

« 

I. From a natural watevfall, with a pipe line conveying the water from 
above the fall to a power house situated on the batik of the stream below 
the fall. 'This may be either a high-, medium-, or low-fall installation. 

•2. By a dam erected across a stream, the head being due solely to the 
dam. The^head is comparatively low, and a direct development is usually 
possible. P'our types of direct development are illustrated in the sktfiches 
of fig. 41. In A a,nd ,B the, power house is placed at or near the end of 
the spillv\',av In C it is placed on the itsell. This is only possible 
when the remaining length of spullway is sufiicient to take the flood dis- 
charge without an f-xcessive increase in the head behind the dam. In a 
river whth rocky, steep, <and narrow' banks, the entire width of the channel 
must- he available tor a spillway, ami, owing the necessity for rock ex- 
cavation the construction v)f a power house at the end of ^he dam may be 
very costly. In such a case a hollow* ferro-concrete dam, with its interior 
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utilized for the power house, offers an excellent solution. The whole of 
the crest is then available as a spillway (figs. ^\d and 5131. 

3. From a natural or artificial fall by tapping a stream or reservoir 
and conveying the water in an artificial channel ^to a point from which 
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a pipe line can be taken to a power house at a loiter lev^l. This method 
is applicable to any head, hhe channel, which ma^ consist of an excavated 
canal, or a wooden, steel, or coixrete flume, follows a.contour ot the hill-side 
at a slight gradient of from i^in 500 tv i in 1500 (fig. _^2a). In some cases 
the stream makar» a hairpin bend, and the water may be conveyed in a 
tunnel driven through the intervening spur. Such a tunnel is usually at 
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only of advantage^ 
where the value ot the 
ground over which 
a head race would re- 
quire to be constructed 
IS very large. 

Where wat^r is 
"available in an elevated 
valley sloping gently to 
the plains in one dilu- 
tion, and where, on 
the other side of the 
watershed, the slope is 
steep, the lower end 
of the valley may be 
• dammed and the water 
may* be diverted from 
its natural watershed 
by means of a tunnel 
driven through the in- 
tervening ridge, and 
may be piped down to 
a power station at the 
foot of the steeper 
sl<)j)e on the other side 
,of the ridge. Such an 
arrangement is indi- 
cateil in fig. 43.* 

Tlie scheme to be 
adopted depends essen- 
tially on the physical 
characteristics of the 
site, and siiould he; 
such as to utilize the 
maximum possible 
proportion of tlic head 
at tlyj least cost, and at 
the same time to mini- 
mize as lar as pc^sible 
any interruptions due 
to floods or droughts. 
While the existing 

* Dt'partmcnt ftf the In- 
terior, Ottawa: adapted from 
Water Resources, Paper No. 

V L 1 
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Fvpes of ’Vatcr-power Dcv^’oprrenf involvinc use of Pressure Tunne’ Suree Tank ar^d Pipe Lmc 
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conditions usually point to one or other scheme being most suitable, 
in some cases the relative advantages of more than one type of develop- 
, rnent reqliire to be carefully investigated. 

52. Power available from a Given Fall. — The theoretical horse- 
power or water horse-f?owev available from a supply of Q c.f.s. under a 
head of U ft. is equal to 

62*4 QH 
550 

With a turbine whose cfhcicncy is //, the brake horse-ff{)wer at the turbine 
shaft is 

62-4 QUn 
550 

While turbine efficiencies exceeding 90 per cent are on record, the efficiency 
of the average turbine is more nearly 80 per cent, and adopting this value 
the brake horse-power becomes Qll 11. If the efficiency of the electric 
generator is >/, the electric horse-power delivered at the switch-board 
mains is »/ times the brake horse-power at the turbine shaft. In general 
r/ is about -95, so that the c.h.p. is approximately QH -- ii*6, and since 
I kilowatt-hour is equivalent to 1*34 horse-power-hours, the electrical 
output will be approximately QII -> 15*5 kw’. 

53. Definition of Head in a Power Plant.- I'he total head in a 
hydraulic installation is the difference in level between the water in the 
supply reservoir and in the tail race. Where it is necessary to convey 
the water to the turbines through a canal or pipe line, the effective head at 
the turbines is less than the total head, by the head lost in friction atul eddy 
formation in the water conductor. 

In computing the over-all efficiency of the plant, the total head is to 
be used, and where the velocities of flow in the intake ahead of the racks 
and in the tail race are such as to make the velocity head', at these points 
appreciable, the equivalent velocity head should be added to each measured 
level in computing the total head. The value of the velocity head is to be 
taken as 7^- 2" ft., where v is the mean velocity in feet per second over 

the section in question. 

In computing the efficiency of the turbine, the losses between the 
intake and the turbine should not be debited to the turbine, nor should 
the head equivalent to the velocity of discharge from the end of the draft 
tube. In the case </f a low -head turbine this latter head may be relatively 
important. Thus with a discharge velocity of 4 f.s., the velocity head 
^,2 _i. 20 0-25 ft., and if no account w^ere taken of this, it would make 
a difference of 2 5 per cent in the apparent efficiency in the case of a turbine 
operating under a head of 10 ft. With a cased turbine the effectiv'^e head 
is the difference between the sum of ihe pressure, potential, and velocity 
heads at the entrance to the tudiine casing, and the sum of the same heads 
at the point of exit from the dra^f tube, levels in each case being measured 
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to the centre of jhe pipe or draft tube. The pressure head at the centre 
of a submerged draft tube is to be taken as equal to the depth of this point 
below the highest Jevel of the water in the tail race. * * 1 

In the case of a Pelton wheel the effective head is to be taken as the 
sum of the pressure, potential, and velocity »Headii in the pipe line behind 
the turbifle nozzle, the level of the centiw: of the nozzle being* taken as 

^datun]. » 

^ * 


CHAPTER VII 

Civil Engineering* Problems 

.>* 

Dams and headworks; dam accessories; gales and valves; intakes; flumes, 
tunnels, and pipe lines; pipe-line accessories; tail raeVs. 

U. In most hydro-electric schemes dam is re^jiiired to hold up the 
water, either to create or increase the working head, to create storage, or 
to assist in forming tiie intake from which vv'ater is taken to the turbines. 

'There are four main types of dam, which are diflerentiated according 
to the inethoii by which stability against the pressure of the water is secured. 

(1) (jfavity or solid dams, in w'hich the v\ eight of the dam itself pro- 
vides the stability. In these the up-stream face is vertical or nearly so. 

(2) buttressed or hollow dams. These have the up-stream face,inclined 
at an angle of about 45 so that the water pressure on it has a considerable 

’ vertical component, and thus provides tfie stability. 

(3) SingJe-«rch dams. These are built in tlie form of a circular arch 
in plan, the tlirust of the water being transferred to the sides of the valley. 

(^) Multiple-arch dams. Instead of a single arch, several arches are 
used, buttresses^ being used to convey the down-stream thrust of the water 
to the foundations, the side thrust being transmitted to the valley sides. ^ 

These types grade, into one another. MaViy dams of the solyJ gravity 
section are curved in plan, and gain additional stability from ihd arch 
action, while multiplc-arch dams are usually built with inclined face^, so 
that they are really buttressed dams, with curved decking. 

^ 5 . Gravity Dams. Tliese may be * constructed of timber crib, 
earth, rock fill, or masonry. Local considerations govT^rn the choice of. 
type. It is not <Qdvdsablc to use an earthen' or rock-ifll damson a rock or 
shale foundation owing to the diffienUy of getting a watertight joint I'jc^ween 
the two dissimilar materials. C)n s«ich a foundation a.niasonry or concrete 
dam is to be used. Where no rock foundation is available one of the other 
types IS usually preferable, and the choice then depends' largely on the 
availability of suitable ttoii^tructional materials^ • '* 

Tirnber-criff Daws may be use^l foi* Uvv^ heads up to about 30 ft., 
where timber is cheap. They consist oj» n^ffamework of^ logs bolted or 
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Spiked together, and weighted with rock or graveli* plank decking is 
provided on the up-stream side to prevent leakage, and, if the dam is 
, required to act as ti spillway, also on the down-stream s^de (fig. 44). Such 
a dam may he jised on cither a rock foundation or on soft ground. In 
the former case the franlewOik is hofted down to the rock. ^ In the latter 
case a wider base is required, and an apron must be extended ft)r a suffi- 
cient distance down stream to prevent sc#'iiring of the foundation due to 
any overflow. Snch dams are usually only used for temporary work. 

56 . Earthen Dams have been used For heads as high as 200 ft., but 
so great a height is very unusual. On no account is u^ater to be allowed 
to flow over 'the crCst, and if it is necessary to discharge flood waters o^ er 
the dam, a masonry spillway, at a lower level than the crest of the dam, 
must be ju’ovided. It is often preferable to build an independent spillway 



discharging through a tunnel excavaleil around the flank oi the dam as 
shown in fig. 45. In general the width ol the lop oi the dam is from one- 
third to one-fourth of the height. The up-stream face has a slope of 
about ^ to I, and the down^stream face about 2 to J. 

Any aj>pieciable percolation of water througli such a ditm or its founda- 
tions IS dangerous, as leading to ultimate disint(‘grati()n, and, in order to 
prevent jhis, a central trench is usually sunk into an. impermeable stratum, 
and a walertiglu wall of puddled clay, or clay and gravel, is built in this 
Ireych and extended above the water-level. The bottom width of this 
wall should be about one-third the height and the top width one-sixth 
the height. ^ This wall is suyVported by the earth filling, v\iuch should be 
put in place with the most impervious material near the centre ol the 
dam (fig. 4()). Wh'Cre ?;uitable material for this wxdl is dif?iciilt to obtain, it 
may be replaced by a tliin concrete ,or inasonry cut-ofl wall, or by a wall 
extending onlv to the (original ground nirfacc. The earth ovtr the wdiole 
area coNcrei! by the dam mu.st be removed to a depth of one or two feet, 
and all tree soimps, ^'c., extracted. The exact type of construction 
•depends largely on tltC character of the inatefial.> available near the dam 
site. Where 'this consists (/ a suifable mixture of gravel, sand, and 
clay, the piidtjle wall may be diminated. The most suitable mixture 
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consists of about 6 o per cent coarse gravel, 20 per cent fine gravel, 
8 per cent sand# and* 12 per cenf clay. The sand ^ and gravel give the 

necessary stability, and the clay the necessary cohesion. 

1 



The UKiteriiils may be placed in position either by dumping from 
trestles or cafjicways, or where water ivS available and the material is at a 



higher deviation than the, dam, b,y the hydraulic^flll method. Here the 
material is sli^iced l>y a*fugh-veloeity jet of waten- into a fliitue which convoys' 
it on to the dam, where it is de[^t)site5 as the water drains awMV. This 
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gives a very compact and impervious structure. When deposited by 
dumping, it should be put down in layers not exceeding ,X2 in, thick, each 
layer beinp; carefully rammed before the succeeding layer is put down. 

9 Where feasible^ the outlet pipes or conduit should 6c taken through 
the undisturbed aground 6n one flank of the dam, and not through the 
dam itself, on account Af thV danger of percolation along the outside of 
the pipes; and of uneven settlement along the line of the pipes. ® 

The up-stream face must be protected against erosion either, by a 
concrete face or by rip-rap. The down-stream face may be protected in 
the same way, but is mpre generally sown with grasf seed. In a high 
dam, the down-stream face should be terraced^ so as to reduce the velocity 
of any watei^ flowihg down ^its slope. Care must be taken to provide 
adequate drainage from the dewn-stream side of the core wall, where 
this is incorporr,t^ed in the design. 

Rock-fill Dams are simply earthen dams in which the down-stream 
portion is composed of rock filling which supports the impervious earth 
filling. In this case the dowm-stream slope is usually about li to i. ^ 

57. Masonry Dams may be •constructed of coursed ashlar, of rubble 
or Cyclopean masonry, or of concrete. 

Stability.— -Vhii forces acting on any section of a masonry dam exposed 
to water pressure on one face are the weight of the section acting vertically 
downwards, and tl>e pressure of the water everywhere normal to its face. 
The dam may yield 

(1) by overturning about any horizontal joint; 

(2) by sliding of one horizontal section over that below it; 

(3) crushing of the foundations or of any joint, due to excessive 
compressi ve st re.ss; 

(4) by shearing of the material in the plane of maximiim shear. 

Consider a section of the dam, of unit width (tig. 47). The resultant, 
R, of the forces P and W acting on the section above any joint FK, and also 
its line of action OR, may be determined by graphical comphsition of forces 
as Indicated in the figure. Here the force W, equal to the weight of masonry 
above the; joint acts vertically through C), the centre of gravity of the 
mass.' 'Fhe water pressure P is normal to the surface, and has a value of 
32*2/»“ lb., where h is the depth of the joint. It acts through the centre 
of pressure of the area from Q to K, i.e. at a point H QK from Q. 7 'he 
resultant R fnerefore passes t^irough O, the point of intersection of^lhe 
Jines of action of P and W, and if the line OW represents the magnitude 
of the weight \V, tht liik’ OR' will represent R to the saifiesscale. Since 
OR cuts FF at C, this is the centre of, pressure on the joint, and, in order 
that no portion of the joint should bo in tension, should lie within its 
middle third. The only condition necessary in order tliat overturning 
should not take 'place is that the centre of pressure should lie somewdiere 
^within the joint, so tltat a joint in which it libs within the middle third 
cannot yield by 'overturning. Fop the ^lam shoAvn, IICP marks the line of 
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action of the resultant forces at each point, and since the lines AI^K, BDN 
mark the boundaries erf the middle thirds, the first condition for stability 
is fulfilled. Lines of pressure sJiould be drawn in this way for the dam, 
both full and eniply, and both lines should lie within tht middle thirds 

The resultant pressure on any horizontal seefion may Jbe resolved into 
a normal and a tangential coihponent N qnd^T, aVKl if /x be the coefficient 
of friction* at the section, /jtN must be grerdter than T if the joint us not to 
*yicld by bodily* sliding 
of the upper over the 
Igwer portion of, the 
dam, or of the^lam over 
its foundations. For or- 
dinary masonry joints /jl 
may be taken as approxi- 
mately *66. Any danger 
of failure owing to this 
cause can be removed by 
inclining the footings so 
as to bring the direction 
of the resultant force 
normal to the joints. 

Special care should he 
taken to }7revent the per- 
colation of water through 
the foundations, and to 
allow for the eflicient 
drainage of their do\\n- 
stream side, pihervdse 
a large upward statical 
pressure may be pro- 
duced over the footings, 
which will relteve the 
footing of a large pro- 
portion of the weight, W. "^rhe effective valu'e of N is then redyced, and 
the tendency to todily sliding of the dam is increased. * 

In practice a trench is often cut in the foundation near the up-str^^am 
edge and a concrete cut-otT wall built in this trench, while if tlie foundations 
are jtot naturally sound and free from fissurfs they are made by cement 
grouting. 

'Fhe normal ^component N is cquivalein to A vc^'tical loading which 
varies uniformly across the joinf, and has its maximum value*at.the down- 
stream edge of any joint. If h is the breadth /)f thejoint, and x the dis- 
tance of its centre of pressure frf)m the dr)\vn-slream edge, tliis maximum 
value is equal to ' 


AHB 





fr ( 


lb - 
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while the minimum value, which occurs at the up-stream edge, is 


* .1 


It may be fthown that the maxinmm compressive stress occurs on 
planes normal to the dirdction*of the resultant*, and has a value af cos-r'), 
where o is the inclination of the* resultant to the v^ertical. For nf) crushin<j^ 

O 

of the material or the foundations, this vtilue should not* exceed the safe 
bearing stress oi> the material. If this condition is satisfied, it will be 
found, in practice, that tliere is little danger of failiirt; of the material by 
shearing. 

Yielding by cru'shing is n^ost likely to take place at the toe of the dam. 
The safe bearing stress ilepencte on the material of the dam and founda- 
tions, and may^ht^ taken approximately as follows: 


Oranitc or basalt 
States Hard sandstones 
C'onglomerafc . . 

Soft sandsUines . . < 
Shale Hard . . 

Shale Soft 
blue d<iv 


25 tons per square foot. 


to 

8 

A 

3 


If the dam is to be used as a spillway, the water pressure due to the bead 
under conditions of maximum overflow is to be used in considerations of 
stability. Under ihest* conditions the centre of pressure on the front face 
of the dam wall not be at twai-tbirds the depth, and must be caleukited. 

Sec tion. -' Vhc most economical section for a masonry dam having the 
water level wall) the crest would be a triangle ba\ing the uj’i-stream face 
vertical, and the dowm-stream face sloping at i liori:-'()ntal to v^/// vertical, 
where /// is the ratio of the specific gravities ot the masonry and of water. 
7 duis with limestone, wluise weight per cubic foot is 165 lb., 




•s^ m - \/ z (>4 -- I ()2, 


^2 


and the , down-stream slope' would he i horizontal^ to 1*62 vertical. In 
such ‘d dam tlic stress at the down-stream toe would he zero with the dam 
emyty, and the stress at the up-stream toe would he zert) with the dam full. 

In practice this elemenlary section is modified by the necessity for 
increasing tl\c thickness of the cre.st to resist ice-pressures or to pro^yide 
a roadway. For tliis purpose the upper portion of the dam is made rec- 
tangular, as shown ih lit!;. 47, or more generally, for the sake of appearance, 
the dowm-stream face is battered out, at about i in 10. The tliickness'of 
the crest is usually nyidc aj^proximatelvxeqiial to 1 1 in temperate climates, 
and to v^Il T 2 w'liere ice pressures art feared. The addition of this crest 
section produces tension in the back of the empty dam at depths greater 
than zh\f m where />' thp crest widlH, and lo'^prevTnt this the front face 
is battered out* at greater dejxhs, at ^ihoiit i in 25. In slieli a dam, of 
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height H, the maximum stresses occur at the down-stream toe, and are 
as follow; •* 


um compressive stress, p - - 
Maximum’ sheer stresi^ (/* *- 



•If H Is in feet,*and zc\ the weightt of masonry, is in -pounds per cubic 
foot, tliesc stresses are in pounds per square foot. * 

Since the stressls increase directly as II, thc^'e will be some limiting 
height at which the safe crushing stress or bearing stress is attained, and 
for greater heights it is necessary to splay out the profile as sl«)wn in fig. 47, 
to increase the bearing surface, d'hus, assuming a working ^ alue of 10 
tons per square foot for/), and taking as 2*25, which wfirresponds to a 
value of 140 lb. per cubic foot for zo\ the limiting height for the triangular 
section becomes 


II 


10 X 2240 X 2 25 
HO 32 '5 


1 1 1 ft. , 


Having obtained an aj)piT)xiniate section Ironi these considerations, this 
sliould be examined by the graphical method of p. 87, and modified if 
necessary. 

SpillwTixs.- In most cases provision must be made to use part of the 
length ol the crest lor spilling surplus water, and this provision must be 
made very ample for dealing with the highest possible Hood, 'riie^pndile 
of this portion must l)e caiefiilly designed to give a suitable water path. 

•If the crest is so thin that the water tends to jump clear of the down-stream 
face, a partial #vacuum is created under the nappe, which increases the 
overturning force on the dam. 

The parabolic path of free"S])OUting water should be set out, and tlic 
crest designed so as not to lie helow^ this. The actual curve for construc- 
tion purposes is *often made circular, though a true parabola is preferabk, 

'Idle toe of the dam must be carried out so as to divert the water away 
from the foundati,ons.* 'Fhc curve is usually a circle and the radius ^may 
be taken as half the head on the dam. The toe should be continued until 
flic curve is horizontal, unless the bed .is good rock, w hen it need not*be 
carried to ijiiite this extent, d’he extension of the toe beyond^ the normal 
profiie of the down-stream face is usually disregarded in calculating the 
stability. . ^ 

Ternperuture KffccU. -Straight dams are apt to develop ciycks due to 
contractions in cold weather, and in a dam ol moderate thickness ^uch 
cracks may extend from front to back of the structiire and give rise to 
leakage. * *. * . . 

If the face is curved, even though the arch action is small and cannot 
be counted on to reduce tfie cross ‘section, it viU tend to pre\cnt tem- 
perature cracks forming. # \ , 
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For all but small dams it is advisable to provide proper expansion 
joints at suitable intervals. ' ‘ $ 

For a, maximum temperature of F. (reservoir empty) and a mini- 
' mum temperature of //’^ the spacing of the expansion joints should not 

be more than ft;, with a maximum r.f loo ft. For thin dams this 

- /. 

spacing "should he reduced ft. 

Expansion Joifits. Such joints are shown in fig. 48. In type (1) grooves 
are cast in one end of the section and coated with bituminous paint or 
pitch. On casting tlie next section, tongues are formed filling the grooves. 
In (2) a plate' is inserted across the join!. One half of this is painted 
to prevent adhesion of the concrete. In (3) the tongue and groove of (1) is 
used with the ^dition of a bent copper or lead strip as sliov.n. in (4) a 



1 2 3 

1 in /,S Lxpansion Junils in NLisuiirv or (.'oikilIl 


square^'or circular groove is moulded from top to bottom of the joint, and 
this is filled by a dowel of asphalt, which may be from 3 to 6 in. in* 
diameter. This forms a simple joint and has given good results in practice,’*' 
Materials.- 'I'he material to be adopted depends largely on the avail- 
ability of materials in proximity to the site. Where suitable stone is 
available and cheap the construction may be of ashlar masonry or of rubble 
masonry w^ith coursed facings, care being taken to break all joints so as 
not to produce planes readily susceptible to shear. Where sand and 
gravel yre available, a concrete dam is often the chpipest type. The 
aggregate may consist of broken stone, but where large blocks are available 
thfse are incorporated in the mass. Jn this case care should be taken 
that each block is separated from its neighbours by an adecpiate thickness 
of cement binding. * , 

58 . Buttressed Dams. 'These are always of ferro-concrele. The 
stabilitv of^the daib is mjw due mainly to the vertical 'Component of the 
water pressure op the inclined up-streahi face or deck. This is usually 
inclined at between 40 and to t-^ie horizontal. 

As so much of the material 'is put into an ordinary gravity dam merely 
to provide weight, it is obviously economical to replace this by whaler. 
Further, the distrilnftioip of pressure' over th'e foundations can be made 

* PH)C. Inst. C. 7'7., Pt. I, p. 68 



CIVIL ENGINEERING PROBLEMS ^ , 91 

• * 

much more nearly uniform, and the possibilities of failure, owing to sliding 
or overturning, are* greatly reduced; These dams can be used in many 



vsituations where a gravity clam would be impossible owing to poor founda- 
tions. ^ 

Pugs. 49 and 50 * show diagrammatic sections of this ly])e; the latter for 



cases where tlie dam is recpiirpd to serve ^ a spillway, in wliieli case a 
down-stream deck is necessary. 

f • k 

* By courtesy {lie Anibu^scn Coiistructian Co. "I'lfis showb the Dam, 

13. S. A. A U’ainttT and a drainai^e sIuir^'N^ay in the diagram. 
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The thrust is conveyed to the foundation by buttress walls, the spacing 
of which must be settled for each case/ The decking requires to be stronger 
as the pitch of the buttresses is increased, but it must be remembered that 
almost the only cost involved in thickening up the dedk is for the concrete 
— the forms a'nd reinforcement rei?)ain the same — while more buttresses 
mean more didicult work at lew levels, which can only bt* carried out ^t 
favountble seasons. '■ ' 

'Fhe thickness of the decking ca^ bl- reduced by longitudinal girders 
of reinforced concrete, nr by additional buttress walls at right angles to 
the up-stream deck. » * 



The hollow space under the decking has been us^;d for the power 
iiOLise in a lew American and Canadian plants. 

Fig. 51 shows a section of such a dam.* The height is 30 ft., and the 
leiurth 200 ft. It is designed to contain three 500-h.p: units. The power 
house is enclosed witli 4-in. walls of cement plaster on ferro-inclavc, 
entirely separate from the structure of the dam itself. 'J'liis ensures against 
any moisture from sweating or condensation. When in flood, the hack- 
water rises almost to the lip of the dam. The breast of the power house 
is therefore heaviJy rjinforced to stand external pressure. laght is ad- 
mitted through two framed port-holes in eaeli hay. luitrance to the 
power house is normally obtained through a heavy steel watertight door 
at each end ol the dam. For entrance during high floods an auxiliary 
opening is placed in the cud hultrcsses immediately under the crest of 
the dam, and abov.j the highest v\atcr levek 


* At llcester, Md. H\ of the; Ambursen Hydinulic Construction Co. 
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59. Arch Dams. For narrow rock gorges, the arch dam offers 
some advantages. ‘Here the dam is circular in plan with the convex face 
up stream, and the.thrust due to* water pressure is transferred directly to 
the sides of the valley. It is usual to neglect th« effect of the weight of 
thc^dam in producing stability » in which case, if tlip section is considered 
as a portitip o*f a thick cylinder, the nece^ary thickness at any depth is 
given by ^ 

• * • /S P 

K, - 


Here Rj and R.,*are the outer and inner radii in feet; S jhe wojking stress 
in tons per square fool; and P the water pressure in tons pef scjiiarc foot. 
On the assumption that the dam acts as a simple cylinder, the thickness 
would be given by 


T 


RP 

8 


ft.. 


where R is the mean radius, and this sitnpic but imlccurate foimula is 
often used for approximate calculations. Actually the weight of the dam 
and its attachment to the foundatiois increase its stability and reduce 
the stress appreciably, and the working stresses to be adopted when tlie 
above formukT are used are much higher than in a gravity dam. 'Plie 
pcrmissible^xalucs are approximately as follow: 


Ashlar masonry (granite) . . 

,, (hard sandstone) 

,, ,, (soft sandstone) . . 

C’oncrcic (desponding o.i aggregate) 


45 tons per scpiarc foot. 



Such a dam is shown in fig. 52. j' This has a radius ol 150 ft.; base 
thickness, io<S ft.; top thickness, 10 ft.; height above foundaLions, 32 lS ft.; 
above bed of stream, 243 fi.; distance between abutments, itSo It.; length 
of crest, 300 ft. The section is trapezoidal, tiie front lace ha\ing a slo|4^: 
of 1 in 4, and tlie back face 1 in 6-5. 

Arched dams ive only suitable for comparatively short s]vmsf 'Jlie 
radius giving a versed sine of about onc-lhird its length, or an included 
angle of about 130 , is the most economical. 'The cross section of suth 
a dam of 500 ft. radius calculated lor a stres^ of 20 tons per litjuarc foot 
is apfroximately the same as that of a gravity ilam for the same head. 
For moderate spans careful investigatiQii is necessary to determine whether 
an arch dam or a'^straighi gravity^ dam is most economical. ♦ 

Mulfifyir An!/ Dams. These are* buttressed dams, nvitli the* decking 
arched between the buttresses. In •practice the face h usually inclined, 
so that the water pressure assists in scciiriftg stability. They require less 
material than the straight deck type^ but the fiirm \yotk is mereased, and 

♦ S( V Pkk . ///if. 7 i., Vol. 17.S, igoS -I), p I, Smith, Ptar* hn. So, . C Ti. 

March, T9-'’o. } The Sho'-hortc Valley rfrijocl, W\onPip^> 
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it is (mly in special situations that tluey will prov4 less costly. They are 
not well adapted f6r passing large volugies of water. * 

60. Ice Pressure on Dams.— Sheet ice, after its formation, is subject 
to contraction ,and expansion due to changes in temperature. The con- 
traction results in crayks \Vhich fill with w^'ater, which free^jes and renews 
the continuous sheet. A risg in temperature causes the wht'le mass to 



Vig - Plan View nf Shosonc Dam 


expand and to exert thrust wherever its boundaries, resist expansion. 
Where the*' boundaries are sloping, as in the case of the usual shore line, 
or of the inclined face of a buttressed dam, the ice sheet slides over the 
surface and little pressure is produced. W here the boundary is vertical 
the thrust niav he lar<je. 

The greatest ice pressures are produced in comparatively narrow 
waters where the ice is confined between a vertical structure on one side 
and a vertical shore line on the 6ilicr. A heavy sheet of ice freezing solidly 
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to the face of a dam, f;)llowed by a, lowering of the water level, may also 
give rise to comparatively large forces on the dam, and any subsequent 
rise in the water I^wel is apt to produce heavy pressures on the face of 
the dam. 

The magnitude of the ice-^thrust,' to be aifowed for in such cases, Is 
very indcfiiiite.* The thrusts which hav^ been allowed in the, design 
of many recent d^ms in the United States range from 24,000 lb. to 47,000 
\b. per Voot run of the highest ice lihe. All these dams were of the non- 
overflow-. type, and the variation in the allowance was due to variations in 
local conditions ancf in the type of location. An overflow dam, so long 
as it is subject to overflow , does not experience any k:e-threist. 

61 . Dam Accessories. It is 
often desirable to be able to vary the 
height of the crest so as to maintain 
a fairly constant water level, vvhatevTi* 

• the volume of water passing over the 
spillvfay. This reduces the amount 
of land covered at times of flood, 
while at the same time the full head 
and storage is obtained at times of 
low flow . 

62 . Flashboards.— These con* 
sist of a row’ of wooden boards or 
panels mounted on the crest. 'I’liey 
may be held in place by permanent 
steel supports embedded in the con- 
crete. I'his involves the removal of 
the boards befoiV the actual arrival of 
a flood. Alternatively the supports 
may consist of iron rods designed to 
bend and release ihe boards when the height of the water reaches a certain 
limit. This is safer but expensive, as the hoards must be replaced each 
season. Flashboards are now seldom used exce-j)! in minor installations. 

63 . Movable <J!rests. One simple type i/f movable crest tonaists 

of a gate pivoted at a point about one-tliird of its height above the crest 
of the dam, as shown diagramniatically in fig. 53. I’he water pressure 
maintains the gate in equilibrium until the overtops the gate, when 

the gSte overturns. By curving the surface ol the pivot, so that the point 
of support rises the gate tilts, and by wrigluiug tj)e gate itself, the 
level can be maintained constant ^vithin fairly narrow limits. 7 ’lu;se gates 
hav^c been used chiefly in America. * 

In Switzerland a variety of other tv^^cs have bi-en developed by 
Barrages Automatiques of Zifrich, some of*whldi*are show. n in figs. 54 
to 56. Here the gate is counterbalj^nccd by a reinfcrced-coiicrete vvcigiit 
so as to balance* iHc water pressure v^ hen thc^surface is level, with tlie tO[> 

* » . ? 

* Am. Soc. f'. /?., Vol.'^.XXV, 









of the gate. The extra pressure accompanying any further rise in level 
depresses the gate and ahows the water to spill.’ These gates enable the 
level to he maintained within veiy narrow limits. 


■Sector Gate 
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Figs. 54 and 55 slfow the type most suitable for comparatively low 
weirs. In this dei^ign the piers and counterweights Lifford some obstruc- 
tion to the passagetpf floating debris. Fig. 56 f shows a :ype suitable for a 
higher fall. Here there is no such obstruction, but the njoving parts arc 
not so accessible. This design is adapted for use on a buttressed dam. 
Instead of a counterweight 
hung from levers a rolling 
*counterweight is often used. 

As the gate is depressed the 
counterweight is rolled up an 
inclined surface, and, by suit-* 
ably varying the inclination of 
the latter, the water pressure 
can be very exactly balanced 
at all positions with a fixed 
► up-stream level. This method 
is m?)re complicated than that 
previously dcsscribed, and the 
slight advantage in the accu- 
racy of level h.ardly justifies 
the extra cost. 

Sector (jiifes. Fig. 57 *• 
shows a sector gate as fitted 
on the Genesee River at Ro- 
chester, N.Y. I^ach gate con- 
^sists of a sector of a cylinder, 

60 ft. in diameter and 100 ft. 
long. One radius, and the 
curved portion of the sector, 
is co/ered by steel plating. 

The structure i^' pivoted at 
its centre, and is raised or 
lowered by var\ing the height 
of the water in live chamber 
underneath the dam. When 
the gate is in its lowest posi- 
tion and the water is level 
with* the crest of the dam, 
the upward pressure is just suflicient'to reiiiwe ih.e w/'ight of the sector. 
As the gate rises, its centre of gravity moves through an arc, so tha,t its 
horizontal distance from the pivot decreases. Any increase in water level, 
if accompanied by a corresponding increase in the pressure below the 
gate, w ill therefore lift the gdte, and its he’^ght is "regulated by regulating 
the latter pressure by means* of a special valve. 

Tairiier Cat gates are very largely u^ed (n\ing to their ease 

* f^'nqirtecrinrr Xezes, (Sth Mardi, igiy, p. * -f In pozkrf at end 
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of operation. As indicated in fig. 58,, each gate cAisists of a pivoted steel 
framed sector, which is lifted by a chain or cable frorfi the track above, 
either by a portidde hoist or by a permanent winch. 1 To ensure water- 
tightness, the l^ottom edge of the gate bears against a timber sill, let into 
the crest of the dam, or all«rRativeI5' the bvntom edge of the gate carries 

^ #1 » 



n timber siSl, which bears against the edg.* of a steel plate let into the crest 
of the dam. The chief drawback to this type of gate is that, to support 
the j)iv(U, the pieri must be extended a considerable distance down stream 
from the crest. 

64. Rollinj^ Da»nis. A type of constrvetion which has been used 
in Germany, and, to a' limited extent, in the Unitckl • States, consists 
of a large hollow^ cylinder of/ooilef plate. 'I'his rests normally on the 
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crest of the dam, and fs raised when required by rolling it up an inclined 
plane. For this purpose each end of the roller may be provided with 
a gear engaging arrack laid in d recess in the pier. sprocket chain or 
cable encircling each end of the roller and connected to the operating 
mechanism enables it to be raised requircc^. When bihlt in large sizes 
the roller is •Lisually made of a smaller diameter* than the height of the 
weir. The up-stream face of the roller is fhen provided with an extension 
* as shewn in fig. *59, wdiich showfe the roller for a 70-ft. dam of this type 
on the Grand River, Colorado. • 

The advantagcs*of this type of dam are the g¥cat length (up to 150 ft.) 
possible for each section, ^nd the small number of piers which are 
necessary; the ease and speed of operatic^! ; ami the tightness of its 
closure. * 

65 . Sliiling Gates. — Sliding gates are not so generally' used in con- 
nection with the dam itself as for the intake, and will be described in a 
later section. The one exception is the Stoney Roller CJattj (fig. 60).* 
Hei^ the water pressure is transmitted to the piers through a series of 
rollers. The friction is very small, and* such gates ifre therefore suitable 
for large openings and for operation under high heads. They arc specially 
suitable for drainage gates. Fig. 60a shows in some detail the arrange- 
ments for preventing leakage between the gate and the piers. 

All such sliding gates are open to the objection that the hoisting gear 
must be placed high enough to enable the gate to be lifted clear of the 
top of the water, so that the height of the hoisting bridge above the crest 
of the dam must be at least twice that of the gate. 

661 Drainage Gates. The dam must be provided with means for 
drawing (dT the stored water f(»r inspection and repairs, (bites must 
therefore be provided at the lowest level, and these should be sufficiently 
capacious to discharge appreciably more than ordinary low-w^ater lh)W’ of 
the river; otherwise too much time will be wasted waiting for the dam 
to empty, or it may be impossible to maintain the level sufficiently low 
except under very favourable conditions. These gates arc also of great 
use during the construction period, as they are available for passing ^he 
flow while the lo^iver portions of the dam an* being erected. Sych gates 
must operate under high pressures and must be reliable. The Stoney 
gates already referred to are cspeciallj/^ suitable. If the flow to be tWalt 
with is small, sluice valves of the ordinary types can be- used. 

^n addition to the accessories required for the proper protection and 
control of the dam, others may be required for the preservation of the 
rights of other lisers of the water. Locks* may hav€ to be provided for 
navigation, while fish-ladders and log ways are required* in some* countries. 
The requirements of each locality nn these respects ^just be studied, and 
the designs modified to comply w'ith any, necessary regulations. 

67 . Intakes. -The intake comprises all the worksf necessary for 
drawing the wak.r from tlie storage basin or, river, and delivering it to 

* Ycidkin River Development, 6th Nflv, iyi6, p. 
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the canal, pipe lines, or other water conductors, there is no canal or 

]jipe line the intake also forms the forebay. ^ 

'rhc site for the intake must be carefully chosen, apd the angle of its 
' mouth, with respect to the direction of the current, must be arranged so 
as to avoid the'accumulatiqn of debiis. Iq general, the opening should 
be approximately at right angles to the current. If the s'lream carries 
much fiijating material, a log boom is useful. 'J1iis consists of a chain 
of logs each end of which is anchored , • * • 

to the shore. 'I'hc logs arc fastened 
end to end, and tlie boom deflects 
floating debris and ice away from the 
intake to spe(,*ial spillway gates pro- 
vided oh' the crest of the darii. 

Lo/f runs Jlre necessary in most 
lumbering countries, to enable logs 
to be conveyed past the power sta- 
tion and head works. The log run 
usually consists of a' V-shaped flume 
of timber or concrete. 'Fliis leads 
directly from a forebay provided with 
a sluice gate, into the tail race. 'J'he 
season during which logs are moved 
is usually that of the spring floods, 

W'hen surplus water is available for 
this purpose. 

Fig. ()i shows a typical intake, 
and fig. 62 a typical forebay. As 
shown in the latter figure, vertical 
slots are often provided in front of 
the scour gates or racks for stop-logs. 

Should the head gates fail to operate, 
or should it become necessary^ to 
rejjair the gates or the racks, the 
W'ater cap be shut off by sliding the 
stop-logs down into these slots. 'Fhe 
slt)^>-Iogs consist of heavy baulks qf - - 

timber, whose ends are sometimes 

shod with steel to reduce friction and wear. They are made tight against 
leakage by bags, cinders, strawy &c. 

Intake J^arks anti Screens. The intake must be provided with a coarse 
rack k)v screen to catch floating debris. Fig. 63 and 63^ show" a typical 
screen, consisting of a scries of flat iroirbars on edge, 2; in. pitch, and 3 in. 
deep by in, thick. 'Fhe spacing depends on the kind of debris to be ex- 
pected, but should not exceed 4 in. The bars are made in sections for con- 
venience in placing, and mu,st be firmly supported so as to capable of with- 
standing tlie pressure shouUl the,,whoIe face become choked. In order to 






Fig, boa. — 5tonc\ Sluice Uaie and Deiaiis 
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increase the area of thi waterway, and to facilitate raking operations, they 
are usually placed at an angle of about 60*^ to the horizontal. It is advisable 
to have separate raVks for each opening, so that one may b,e repaired without 
affecting the operation of the. remainder. The ra,cks in the forebay should 
be of finer pitch than those at .the intake, in ofder to catch any small debris 
passing the iiUake screen, and any leaves, &c., which may enter the head 
race between the intake and the forebay. • The pitch should not exceed 
•about 1 in. » * 

Wlujre the racks are very deep, or where the amount «)f debris is large, 
hand cleaning bccftnics expensive. Mechanical* raking devices may be 
used in such cUses. Strainer;? of the roller type, in whmh a tyesh surface 
is continually being presented to the streaii, have been used, biO: the 
wear and tear on this type is relatively great. 

68 . Ice Troubles. — In very cold climates ice is found in the form of 
sheet ice, anchor ice, and frazil. Anchor ice consists of an agglomerated 
mass of coarse crystals clinging to the bed of the channel, and formed 
ther*; by cooling of the bottom due to radiation. This can only occur 
with a clear sky, and where the surfactlj ice, if present, is transparent. 
Surface ice will in general prevent its formation. It is usually found in 
rapid streams, where surface ice cannot form. 

Frazil consists of fine spicular ice crystals floating in the water, and 
formed by a slight supercooling behnv 32'^ 1^ This adheres to the surface 
ice and to the anchor ice, and may finally choke up the stream. In engineer- 
ing W’orks, frazil icc is particularly objectionable, as it adheres to the racks 
and strainers and to the gates of a turbine, and if, due to exposure^ to air, 
these arc slightly supercooled, freezes into one solid mass. 

This trouble can, however, be prevented by a slight heating of the 
racks or turbine gates. At the Ottawa Electric Company’s Pow'cr House 
No. I a line of steam pipes laid above water-level and agauist the face of 
the rack was found to answer perfectly. Electric heating of the racks has 
also been tried successfully, boo amperes at *3 volts quickly removing the 
ice from a single rack bar with the air teinperalure at 15"" F.* d’hese 
bars were in. thick and i(S ft. long. In the same inslalliition, consistThg 
of three 39“in. vvhe,els, 30-ft. head, using 100,000 cu. ft. of water pcr.miniitc, 
steam was supplied by a small pipe to each of the wheel housings when 
the unit began to lose capacity. To supply this, 20 tons of coal were ui.l‘d 
during four months of the winter, with elcv;en days on whicl; frazil was 
bad, •only occasional injection of steam being found to be necessary. 

Te.sts show that, by discharging compressed air through small pipe 
orifices near the bottom of the head race, ice troubles’ can largely be pre- 
vented. The air bubbles create a circulation which tends to prevent' freezing. 
Tests on the Keokuk Dam on the Mississippi' River *^owed that 2 c. ft. 
of free air per minute, discharged at a depth of iS^ft., wiJ'L'Vi open an area 
of about 20 ft. in diameter in ice from 10 to 22 in. thick in four davs.f 

I I » - ' 

I . 

* • //r Formation, Barnes (Wiley & f^on, N.Y., 1907). - 
t Etigineerinff, 20th Sept.’, 32^4, * 
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In a power plant it is usually advisable that the water at the intake 
should be covered with surface ice, as being the most effective preven- 
tive of the formafion of both frazil and anchor ice. If there are large 
stretches of open water above the surface ice, frazil is formed and adheres 



\ IK- — 'Muirr C.itc. conslrucud in two lin’vis 

to the lower surface, and may .result in a stoppage of the channel. In 
such a case, or wlien located at the fool of the rapids, i't is better to con- 
struct a head race of suflicient size to serve as a settl>'t^^ basin for the ice 
drawn in. Kven then it inay sometimes ^he nece>ssary t'o blast a ehannel 
in the surface sheet. W'lierc a long narrow channel, is fed from a stretch 
of open water^ tl?c ice difficulty becomes very ^rcat. A surface covering 
is then harmful, as encouraging the" adhcYenc^? ,of fra>al. 
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The break-up of 
the.shect ice in spring 
often causes serious 
trouble in power- 
plant operation. 
Where Marge masses 
of icc, together witli 
other mivScellaneous ' 
drift, are .carried 
downstream in flood- 
time t'licre is always 
a te n d e n c v t owa rd s 
the formjition of an 
ice jam, wdiich hanks 
up the water until 
the pressure becomes 
sufliciently great to 
sweep away the ob- 
struction, while jams 
below^ a pow er station 
raise tite tail-water 
level and may flood 
out the plant. 

69. Head Cates. 

- Fig. 64* show s a 
simple type of head 
gate with hand lifting 
device. Such gates 
may be used for sizes 
up to about 10 ft. by 
10 f>^. without difli- 
CLiIty, but for larger 
sizes power-operated 
gat'*s are desirable. 
Ing. 65* shows such a 
motor-operated gate. 
Rut electric power 
may not always be 
available, and in any 
case the gates require 
to be opened before 
the station is started 

* [ft p</( fa't a1 end of 
volnme. U\ couitesy it 
JMessis Uo\jny & Co., 
Lid 
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up, so that emergency hand gear is desirable. Fig. shows a gate 
operated a hydraulic cylinder supplied v\ith pressure water from an 
auxiliary pump. For dealing with large volumes of wiUer, a nujnber of 
gates are used side by side. Filler gates as shown, in fig. 64 are sometimes 
possible. As their name indioates, these arc J'^y-pass gates* formed in the 
body of the m'ain gate, and are used to equalize the level on the two sides 
of the main gate belore opening the latter.* Where only a relatively small 
^mounf of water requires to be*paiscd for this purpose, such gates are 



] Ik: Miiite \ .il\t.* opcrilrvl b. Ib.dr.julu' t liruJcr 

very useful, and enable a much lighter main f>perating mechanism to be 
used, but the great length of waterway Jto be filled often prohibits the 
of this expedient. 

Rg. 66 * shows another type of gate, which is made in two halves. The 
lower half is lifted first, and by its opening tends to* equalize the })ressures 
on the two sides. When it has been raiseef through* its own^height, it 
engages two lugs carried by the upper hall of the gale,* and both halves 
are thereafter lifted together. • ' • 

70. Where the water is led. directly inlo#,^ pipe line, any '>f the ordinary 
types of throttle or sluice valves may he used, for large ^aIves ol tins 
class operating under heavy pressures, power oj^eration is advantageous. 

* Engineering Neies, i6fh p. 5 if. 
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Fig. 67^ shows one type of power-operated valve, of the Johnson-Boving 
type, as applied to a pipe line 650 mm. in diameter. The valve consists 
of an outer shell- A to which a central casing C is atriched by a series of 
ribs. This casing forn^s a cylinder fitted with a piston P, whose piston- 
rod R carries a nose-piece K, which forms the valve. By means of a small 
control valve V fitted on the top of the main valve, pressure water from 
the penstock may be admitted to either side of this piston, the other side 
being at the same time connected to the exhaust. Holes arc cored through 
the body of thc^ nose-piece so that the pressures on this, with the excep- 
tion of those acting on 
the piston, are always 
balanced. 

Fig. 68 shows an- 
other simple type of 
power - operated sluice 
valve. 

Fig. 69 shows an 
automatic valve, de- 
signed so as to close 
slowly in case of a rup- 
ture at any lower point 
in the pipe line. Here 
a flap placed in the water 
way operates a trip me- 
chanism which controls 
the main valve disk. 
Weights on an external 
drum mounted on the 
shaft carrying the disk 
tend to rotate this into 
tlie closed position, and 
should the velocity of 
flow exceed a definite 
predetcf uiined value, the j>ressure on the flap trij^s the gear and the main 
valve closes. Its rate of closing is regulated by a dash-pot. 

Drainai^c. A drainage valve fhould be provided both for the intake 
and for tlv' Jorehay. hig. 70 shows a Type of scour gale suitable for this 
purpose. ^ 

71 . Channels and Pipe Lines. - "i'hc type of waterway used to 
convey th ' water irom the intake to tho turbines depends essentially on 
tlie local conditions. Where an open channel is used, this may take the 
form (>1 a canal Oi'- a flume. Where a closed waterway is necessary this 
may take the form of 1 tunne«l or a pipe line. 

(Amah. tVhere jthc contours arc favourable, the excav^ation not too 
difficult, and the soil fairly impervious, an open nnlinecj canal is often 
* By co’ rtc^^y ol Mpss:s. Btnini; & Co., Tad. 
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used. In a long canal, especially if thcrdepth is moderately great,. seepage 




requires to be talcen into 
account. Measurements on 
'earthen canals having depths 
from 4 to 8 ft. show that, 
except in exceptional cases, 
where the ground is fissured, 
the loss varies from o*6 to 
3*6 c. ftj per minute, per 
1000 sq. yd. of wetted sur- 
face. 'rhe average leakage 
from unlined irrigation 
canals is about 1*5 ft. of 
depth per day; in sandy 
soil from i to 2 ft.; in com- 
pact alluvial soil about o-O 
ft.; and in gravel from 3 to 
5 ft. Where the ground is 
very pervious the bed and 
slopes may be puddled, or a 
concrete lining may be used, 
d'his, by reducing friction 
and the tendency to erosion, 
enables a smaller section to 
be used. The concretetlin- 
ing should be between 3 and 
() m. thick, depending on 
the size of the canal and on 
the conditions, and drains 
must be provided at inter- 
vals to pre. ent the ground 
water producing dangerous 
hydrostatic pressures on the 
back of the lining when the 
canal is empty. Such a lin- 
ing has the further great 
advantage that growth^ of 
vegetation is prevented. The 
cost of a concrcte-lined canal 
of moderate size is approxi- 
matelv three times that of 
an unlined canal of the same 
^ size. On the other hand, 
.vith the same friction loss 


the lined cana! need only hi^ve one-hall the cross-sccfional area of the 
unlined canal, and as its maintenance costs and the cost of cleaning are 
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much le|s than that of the earthen canal, the overall annual charges of 
the two types, designed to give -the same initial loss of head, are usually 
not very different.* * ‘ 

Where a canal is cut in the sidc^of a hill, precautions must be taken 
to prevent debris being carried in during fieavy- rains. Also spillways 
should be*provided at suitable points, for ^disposing of any surplus storm 
water. * 

» • « • 

72 . Flumes are used instead of canals where the. ground presents 

special ‘dilficulties, ♦either due to unsuitability fc^r excavation or to long 
detours necesj^arv for crossing ravines. They may be of wood, steel, or 
concrete, and of rectangular* or semicircular^ section. * * 

Wooden flumes are useful in situations <\here timber is cheap. They 
are especiaHy useful for temporary work, but arc expensive in the long 
run owing to the high cost of upkeep. 



I’ljT 72 -- Seniicitiuljr Wootlcn Flume 


Fig. 71 shows a typical box-flume section, by stift'enii'g the external 
side braces, the top braces may be eliminated. 'I'his, while dearer, renders 
the flume easier to clean. 

Fig. 72 shows a semicircular' wood-stave flume. The st .ves are sup- 
ported by steel rods, the ends of which are held by stringers. I'hc ends 
of the rods arc tx:rewed, and by tightening up the nuts the staves may be 
drawn closely together and any cracks closed up. The wooden bents caj^ry- 
ing a wooden flume should rest upon concrete or rock, and all contact 
between wood and earth should be prevented. Otherwise deci^ isf apt 
to be rapid. ^ 

Steel flumes arc almost invariably df semicircular section. 'J'he plates 
are usually rolled with a beatl at each end as to form an hiterlocking 
joint. Watertightness is ensured by means of a curved rod fitting the 
outside of the gn,)ove, and a curved bevelled.h-^i' on the inside. They arc 
supported cither on timber or a«gle-iron bents, in a simijar rnafliyr t9 t!ic 
semicircular wooden flume. ^ 

'Fhe metal sheets should be galvanized, and should be coated with tar 
paint or similar preservative. 'If the water Carries much sancl or gravel, any 
such coating is quickly worn away, and to prevent* this a settling basin 
should be provided at the head of the flu rye. ’ 

* .See Krtginecrinti Nncs, 5th Dec., 1906, jV .ind iyth iMjich, 1913. p. 619. 
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Reinforced-concrcte flumes are much less expensive in uplyiep than 
those of wooden or steel construction, and are coming into more general 


id’s”' 



I lf* 71 Typr' of Tv"in/nr'rc»l-fnncrcTc Flnnii* 


use. Fig. slioWsS ?- tvpical desip^n of a* cli)scd concrete flume, while 
Hg. 7^/^* sh(‘\vs iin open top-braced flume. 

73. Drainage Crossings. Wherever a canal or fTume location cuts 

* I ' i • 

* I'ny,inc 1 ^nfig !i4th Dec., n^oS, p. 705 
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across a natural drainage line, it is necessary to make some provision for 
dealing Kith the drainage water. Usually drains or culverts are provided 
of sufficient capacity to carry a\<'ay the water without danger of its banking 
up behind the flume. Where the amount of water available From this , 
source is appreciable, it may be advisable to utilize as much as possible 
in order to aagment the reservoir supply. As siidi drainage water usually 
carries co*nsiderable sediment, a settling Jiasin must be provided with a 
bottom opening^ for sluicing scejiment. The water from this basin is fed 
into the canal or flume -over a weir, while a spillway mi|,st be provided at 
some convenient j:mrt of the flume, to enable ai^y water, in excess of the 
capacity of the flume, to be discharged. 

Fig. 74 shows the automatic arrangcm^Mit used for discharging the 
surplus water from the side streams in ihe Kinlochlcven installation.* 



Here each side stream is dammed by a concrete dam between 50 and 
60 ft. long, whose top surface forms a spillway capable of taking the 
spate dischaige of the stream. The small reservoir formed by each 
dam serves as a settling basin, and is sluiced at intervals tl “ough a sluice 
gate in the dam. 'J’he water from each basin is conveyed by a short con- 
crete channel tt) a delivery chamber, where it is discharged over a weir 
into a forebay chamber A, alongside the main conduit C. This chamber 
is connected to the conduit through a series, of five submerged openings, 
2 ft. square, and contains two balanced cylinder gate valves fts shown. 
These valves are opened by the filling of a balance bucket, b, with water 
through a feed pipe F of flat section, when the level in the conduit attains 
its* maximum permissible height. Each bucket is provided with two 
li-in. cocks in the bottom, which can be adjusted by trial. When the 
inflow exceeds .the discharge from tlicse cocks, \\at(jr accumulates in the 
bucket, and when the bucket'* is half full the beam . is e(]t!ally poised. 
Any further weight in the bucket ^then opens t)ie gate valves, which when 
fully open arc capable of taking the whole discharge of the side stream. 

74 , Tunnels arc often necessary in a hydro-electric scheme, in order 

to convey the water through an intorvening ridge, 01 'to avoid a long detour. 
* • 

* Proi Inst C. I, p. 49, 
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Where either a tunnel or a detour is possible, the relative capital costs 
and maintenance charges determine the most advantageous systern. The 
maintenance costs in a tunnel are usually very low, but the first cost is 
, high. Tlinnels may be either of the pressure type or non-pressure type. 
They are usually lined with concrete, to reduce friction losses, and, in a 
pervious structure, to prevent leakage. For very high pressures a steel 
lining may be used. While circular section is most efficieht from a 
hydraulic point of view, a horseshoe. section is more c6mmon as* being * 
more easily excav,ated, unless some form of tunnel-boring machine is used. 

75 . Pipe Lines. — E:jf;cept where the head is low, ’and the turbine is 
fed directly from the open forebay, the final stage in conveying the w'ater 
to the turbines is accomplishe(^ by a pipe line constructed of steel plate, cast 
iron, wood stave, or reinforced Concrete. This pipe line is known variously 
as the power conduit, the penstock, or the supply pipe. 

I'hc hydraulics of pipe flow have been discussed in Chapter V, and 
the general* considerations governing the location of the pipe line are 
considered in Chapter X. Generally the location should be chosen so 
that the pipe lies below the hydraulic gradient under all conditions. Special 
care should be taken to ensure this under increasing loads, where inertia 
elTects reduce the pressure below normal. This is particularly important 
in large steel pipes, which are quite unfitted to withstand any appreciable 
negative internal pressure. 

The size of the pipe is governed mainly by the permissible friction loss, 
with due consideration of the maximum velocities permissible for successful 
speed regulation. In practice the friction loss is calculated for a series of 
diameters. The most economical pipe size is that in which the sum of 
the capital cost and the capitalized value of the energy lost through friction 
is a minimum. Since the w^all thickness for a given diameter increases 
with the head, the greatest economy of material for a given friction loss 
will be obtained by varying the diameter from the top to the bottom of 
the pipe, the greatest diameter being at the top. While a continuous 
variation is not practicable, an approximation to it is offen obtained by 
dividing the pipe length into three or more sections of different diameters. 

For wielded pipes with muff joints, in order to preserve uniformity of 
joints' in each section, the external diameter is often kept the same in 
each section, the thickness and therefore the internal diameter varying 
with the pressure. 

Wood-stave Pipes, — These ‘have found an increasing use in connect’von 
with water-power work, particularly in newer countries with good native 
timbers. 

Pipes /o*r very small installations .can 'be machine-made in sections, 
with spigot and socket joints, very similar to ordinary cast-iron pipes, 
but this type is not used to any, appreciable extent. 

The continuous wood-stave pipe is the more ordinary type. This is 
, illustrated in fig. 75 d' and b which shows thi i3*5-ft. pipe line of the 
recent extension to the Ontario Pow^r Company's plant at Niagara. It 
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is built up of staves usually from 6 to 8 in. broad, each stave having 

radial q[^ges and concentric circular faces. The staves are arranged so 
that the circumferential joints are not continuous. Leakage at these 
joints is prevented by a thin metal plate driven into a saw-cut ©n both of 
the abutting ends, and covering the joint. 

The stavfis are held together by circumferential steel bands, gripping 
malleable**-! ron shoes. One end of the band is screwed and provided with 
a nut. to enable it to be tightened. These bands provide the necessary 
resistance to bursting, and their diameter (which is usually between 
J in. and i in.) ind their spacing are determined from the maximum 
pressure to he anticipated at each point in the pipe. 

When the pipe is filled'' the wood swells and places the 'bands under 
some initial tension. This may be taken as equivalent to about i6o Ib. 
per square inch in the timber. For large pipes with fairly high pressures 
this efi’ect may be neglected. 

The size and spacing of the bands should be such that, the hearing 
pressure between band and wood does not exceed about 650 lb. per square 
inch. In computing this, the width of the arc of contact is usually taken 
as being equal to the radius of the band. 

Wood-stave pipes are usually laid above the ground. They require 
the simplest of foundations. Bed logs roughly adzed to shape are usually 
sufficient, although for large sizes a frame support is often employed. 

No painting is required except for the hands, which can be dipped 
in hot tar before being placed. The smooth interior gives a very low 
friction loss, which diminishes slightly with time, instead of increasing 
as in other types of pipe. No special anchorages are necessaiy except 
where the pipes arc used on steep slopes, when anchors will be required 
at sharp changes of grade, and also at points of junction with any steel 
pipes or other fixed conductors. No ex])ansion joints are required. Any 
necessary bends are made during the process of erection, each stave in 
turn being braced back until the bend is built up. 

The materials are easily transported, and neither erection nor repair 
require any great degree of skill. If suitable timber is available the mill 
can be set up on the spot, and only the Jiands and shoes need trans- 
porting. 

As heads and diameters increase, the amount of steel increases, till it 
becomes comparable with that required for a riveted steel pipe for the 
s^c duty, and the wood pipe ceases to jfresent advantages on the score 
of cost. Jn general the range of useful heads is from 20 ft. to 200 ft. Such 
pipes have, however, been used for heads up to 400 ft., where the cost and 
difficulty of obtaining steel pipes have been abnormally great."' 

As has ahead} been stated, wooden pipes are usually left exposed and 
uncoated, their preservation being due to the water slowly penetrating the 
staves and being evaporated from the surface^ thus keeping the fibres 
saturated. A certain pre.7»surc is requisite to prodtice the neccssar}' pene- 
tration. Such pipes are not well suited to heiids less th?jn about 20 ft. 
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Wood-stave pipes have been made in very large sizes* diameters of 
10 to 15 ft, not being exceptional. - ^ 

Cast-iron Pipes are not now often used for power developments, because 
of the cost and wtight for transport. They present no special features. 
Constructionally , they are' not suitable where severe water-hammer action 
is to be anticipated. 1 ' * * , 

Reinforced-concrcte Pipes arc^ now being used to an increasing extent 
in place ol canals and flumes for low-pressure work. N^t only ar^ they 
more permanent and cheap in maintenance, but also, as will be seen in 
(Chapter X, the average eflective head on the turbines, in schemes in' which 
the head-water level varies, may be appreciably increased by their use. 

As compared w'wh steel pipes the materials'are more easily transported, 
the depreciation charges arc much lower, and the friction losses are less. 



(<;) In cinli (/;) In 

I'lB 76 -“'JVpjcal Reinforced Concrete Ripe Seitions 


7 'hey must, however, be carefully made and properly reinforced, and 
.special care must be taken to obtain reliable foundations, d’hey must be 
waterproofed, and proper drainage must be provided on the uphill side 
to protect the foundations against a wash-out. They arc specially suitable 
for heads up to about 100 ft. 

Fig. jGa and h shows a typical reinforccd-concrete pipe section. These 
pipes are moulded in site, i*nd as the bulk of the materials is usually 
obtained locally, only the cement and reinforcement require to be trans- 
ported for any distance. In some cases, especially for small schemes, 
and where the pipes must be buried, pre-moulded or machine-made 
concrete pipes with loose-sleeVe or spigot-and-socket joints arc used. , 

Steel Pipes are classified as riveted, welded, or lock-bar pipes, according 
to the method employed in making the longitudinal seams. 

Riretei} Pipes may be made in a number of ways. The plate may be 
rolled so that one plate forms the whole qircumference, a single longitudinal 
seam being required. If the pipe is of large diameter the length of the 
plate has to be used to form the circumference, and the width forms the 
length of each section 'of pipe, so that /a large number of circumferential 
seams arc requiiv'd. 'This entaijs a somewhat smaller number of rivets on 
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the whole, but increases the friction losses as compared with the alternative 
methods Moreover, the plates have either to be bent at the site or the 
pipe has to be transported in a* complete section. Occ,asionally,^ but not 
usually, this method is the better. 

The more usual method is..to use the length of the plates for the length 
of the pipe sedition, three or four plates being used to compose the circum- 
ference, as*shown in fig. 77. Each plate 
•is bent' to a radius slightly greater than 
that of the average section of the pipe. 

The joints arc lap an*d single- or double- 
riveted, as necessitated by th^ stresses. 

The advantage of this construction 
is that the plates can be bent, drilled, 
and scarfed before dispatch, leaving 
only the riveting to be done in the 
field. The plates can be bundled for 
shipment so as to economize space and 
reduce freights. At the site they can 
be handled individually if need be, and 
are riveted up close to their final posi- 
tion. The circumferential joints are riveted after the pipes are actually 
placed. 

The thickness of plate required to resist the bursting pressure ls 

. .. /> X D 

■ ■■ 2 X s '< !•;’ 

Where / thickness of metal in inches. 

D •- diameter of pipe in inches. 

S working stress in pounds per square inch. 

E efficiency of joint. 

[) ^maximum pressure (including water-hammer) in pounds 
per square inch, 

S ^ 15,000 for Siemens Martin steel plates. 

E — fip to 65 per cent for single-riv eted joints, 

— 70 to 75 per cent for double-riveted joints. 

t 

The calculated thickness should be increased by^ f,* in. to allow for^ corrosion. 

ftor low pressures and large diameters the pipes, if built of this calcu- 
lated thickness, would be too thin to permit of being handled safely, and 
to withstand the bending stresses due to the Iveight of 'the pipe :jnd water 
with the supports at a reasonable distance apart. In no* case should* the 
thickness be less than in., while fcT a diameter bf 3 fv, [ in. is the mini- 
mum, and for a diameter of ,12 ft. and upwards i in. is the minimum. 
In recent large riveted steel mains under low heads^ the pipe has been 
stiffened by longitu^linal angle-irons designed to rcsjst the bending moments, 
and the pipe walls have been correspondingly nKluecd in thickness. 
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Circumferential joints are of various kinds. In one method, indicated 
in fig. 78, alternate sections are made of different diameters sqf as to fit 
into each other, qnd are connected by a single row of rivets. Angle-iron 
* rings welded up and rivjeted on to the pipe are sometimes used for small 
pipes. In this 'case each length is cemplete^ in the shop before dispatch. 
Fig. 79 shows what is known as the “ bump ” joint. Heiv the rivets of 



Tik 78 -nivftcd Stcil Pipe 


the circumferential joint are sunk with a view of reducing friction. It 
is doubtful, however, whether the gain is appreciable, while this type of 
joint is expensive. 

Welded P//)e.v.— In welded pipes the longitudinal joint is made by 
lapping over and welding together the edges of the bent plate, the weld 
being worked until the thickness is reduced to that of the body of the 


/ 



I ijr. 70 Bump ” joint for Sittl Pipt 

** (c 


plate. The pipe is afterwards annealed to remove internal stresses. This 
method vf welding is unsuitable lor thicknesses exceeding about ij in. 
For greater thicknesses the two edg“s ol the plate are brought together, 
and a separate wedge-shaped bar is inserted to form the weld. In this 
way plates up to about ij in. thick can be welded. The efficiency of a 
welded joint may be^ taken as between 90 and 95 per cent. Owing to the 
greater thicknesses which are possible, welded pipes an; suitable for heads 
and diameters greater than those possible with riveted pipes, while 



CIVIL ENGINEERING PROBLEMS 12 : 

) 

owing to the absence of rivets the friction losses are lower. Siemens 
Martin s^el, with a tensile strength of approximately 28 tons per square 
inch and an elongation of 20 to 25 per cent is the most^suitable niaterial. 
In several modern installations in which large diameters and high heads 



have been combined, reinforced welded pipes have been used. In this 
construction a number of welded steel rings arc shrunk on to the outside 
of the pipe. This enables a larger diameter to be used without exceeding 
the limit of pipe thickness capable of being reliably welded. 

l'"or extremely high heads, where only comparatively small diameters 



are nccessarv, solid drawn pipes may* be used. In the Fully installation, 
in Switzerland, in which the statical* head is 5412 ft., corresponding to a 
pressure of 2360 lb. per square inch, welded pipes are used where the 
thickness is less than in. In the lower portion of the pipe line, where 
the thickness varies from ijJ in, to*Tj in., solid drawn steel pipes are 
used. These are made in short lengtjis, whicdi ire welded together with a 
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circumferential weld into lengths of about 20 ft. The diameter varies from 
23-6 in. at the top to 19*7 in. at the bottom of the pipe line. 

The circumferential joints of a welded pipe may be formed in a variety 
of ways. Flanges can bp welded on, or loose flanges can be placed on the 
pipe and the eiids afterwards rolled ©ut as shown in fig. 80. 

The more usual joint is that known as the single muff, shown in fig. 81. 
One end of each pipe is rolledi out to form a socket for receiving the plain 
end of the adjacent pipe. It is furtfcer/opcned out to iorm a space into 



I'lg. 82. — Pipe joints used on Lac FulK high-head plant 


w^hich the packing for making the joint watertight can be placed. A loose 
cast-steel flange ring fits against the shoulder thus formed, and the packing 
is lightened down by a loose cast-steel nose ring sliding on the pipe next 
above as shown. The packing is usually of hemp soaked in oil and mixed 
with chalk or other hardening material. English practice favours square- 
ended nose rings with a packing space having parallel sides. Continental 
practice favours wedge ends and a conical space, which necessitate a firmer 
type of packing. I'his joint is flexible, in that it can bend about in any 
direction, so that it allows for any slight errors in survey or setting out, 

or even slight subsidences. It is suitable 
for very high heads up to 2000 ft. If ne- 
cessary the joint can be repacked, without 
disturbing the pipe line, by slacking back 
the nose ring. 

I'lg. 83 -i.oti.-bar joinr Fig. 82 shows the type of joint adopted 

for the lower section of the pipe line of 
the Fully Hydro-electric Station (p. 123). Each end of a pipe section is 
provided with conical flanges, which arc pulled together by bolts passing 
through two loose steel rings. In order to get these rings on t« the 
pipes, each is made in two lialves which are bolted together. At points 
of divergence from the straight, the deviation is produced by the insertion 
of one or more wedge-shaped joint rings as shown in the sketch. 

Among other types of pipe the spkal riveted pipe should be mentioned. 
This is useful only for coinpamively low pressures and small diameters. 

The lock-^bar jojnf (fig. 83) has- been used to a limited extent. The 
friction loss is relatively small. The disadvantages ^rc that such pipes 
must be transported comple.e-to the site, and that the method of con- 
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Ful 84. — -Diagram of toRCES on Pipe Anchor ag 
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struction is only suitable for a small range of thicknesses. The efficiency 
of the jofnt is about 90 per cent. 

76. Pipe Supports.— Pipes may be laid underground, if this course 
is necessary to preserve the amenities of a district, and in this case no special 
foundations or anchorages are required except on, very steep slopes, and 
no expansion joints arc necessary. Since such pipes cannot be inspected 
and recoatcd ext<^rnally, the deterioration is more rapid than in a pipe laid 

’above the surface, unless they aie laid in concrete, and the exposed pipe 
is to be preferred jvherever possible. 

When laid above the surface, the pipes are supported on main anchorage 
blocks at each horizontal or vertical bend, and on light-^^r concrete saddles 
at intermediate points. The supports shoi id be founded if possible on 
bed-rock, and in setting out the pipe track the rock line should be followed 
as far as possible. Occasionally pipe lines have to be laid over ground too 
deep for excavation to solid rock. Sufficiently stable founcjations may 
then be obtained by the use of large blocks of mass concrete, although 
there is always an element of risk if the^ foundation is not on solid rock. 
With welded pipes the intermediate saddles arc placed near each joint. 
With riveted pipes sufficient clearance is to be provided between saddle 
and joint to allow of expansion and contraction without fouling. A support 
at alternate joints is sufficient, provided the pipe is designed to withstand 
the bending stresses involved. 

Adhesion between the pipe and its supports may be prevented by 
protecting the pipe with greased paper before the concrete ‘is poured. 
Any such adhesion tends to crack the supports when cxi)ansion and con- 
traction lake place. 

The Main Ancharai^es must be of sufficient weight to ensure that the 
line of action of the resultant of all the forces acting above the base of the 
block shall fall well within the area of the base. In addition to the weight 
of the block, these forces include the pressures in the pipe (including any 
w^ater-hammer pressure) acting in the direction of the pipes above and 
below^ the anchorage, the weight of the pipe and the included water above 
and below^ the anchorage to the nearest expansion joints, and the fricuonal 
forces which may be set up at the intervening saddles by expansion and 
contraction. Ing. 84 shows the diagram of forces in the case of i\ welded 
pipe with an expansion joint immediabely below the anchorage. In orefer 
to transfer these forces to the concrete block, angle flanges ar^ riveted or 
wefted to the bend. If necessary, cast-iron collars are provided to dis- 
tribute the pressure, and if the upward force on the pipe is considerable, 
this must be anchored down to the block. 

If long straight lengths occur, it is usual to subdivide these into lengths 
of 200 yd. or less by putting in intermediate anchoragC^s of much the same 
type as, but lighter than, the main anchoiage. This is necessary both to 
reduce the length expanding and contracting as one rnit,ancl to reduce the 
forces on the main anchor blocks due to the frkrtion on the supports. 

77 . Expansion Joints. For "w-eldcd pipes thbse arc made very 
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simply by extending the depth of the socket of the muff joint of fig. 8i, 
or as in fig. 85. For riveted pipes a similar type of sliding joint may be 
employed, or a bellows joint as shown in fig. 86. A more flexible joint 
may be obtained by modifying this design, and by using flat disk sides 
separated by a wider ring. 

The proper location of the expansion joint for welded pipes with muff 

joints is inmiediately below 
each main and intermediate 
j anchor block. For riveted 

joints the best position is 
midway between anchor 
blocks, so that the move- 
ment of the individual 



I'lJj S5 -- f.xpjinsioii Joint lor Woldod Pipo 


lengths of pipe due to expansion is halved. 

In American practice expansion joints arc often omitted, even where 
the pipes are not buried. While their omission does not necessarily lead 
to excessive stresses in the pipe walls so long as the pipe is full, it does 
tend to increase the loading of the anchor blocks, and it is probable that 
the use of expansion joints will become more general in future. 

78. Accessories to Pipe Lines. 
- - Ample provision of manholes 
should be made for inspection and 
painting the interior. Such work is 
not particularly pleasant, and proper 
facilities must be provided to secure 
thoroughness. Moreover, most pro- 
tective paints give off oppressive 
vapours, and as much air as possible 
should be allowed to circulate through 
the pipe while it is being coated. 

An open- vent pipe carried above 
head-water level should be provided 
close to the entrance of tlie pipe line, 
to release any trapped air and to 
prevent a vacuum being formed by 
the rapid closure of the head gate or 
valve, or by a failure of the lower 
part of the pipe. 

If, for any purpose, valves are installed in the pipe line at intermediate 
points, as Msually occurs when the number of pipes changes at such inter- 
mediate points, an air admission valve should be fitted below each main 
valve. 'This usually consists of a spring loaded valve opening inwards, 
and admitting air to th/^ pipe if, owing to the closure of the main valve, 
the pressure in the pipe below the valve becomes less than atmospheric. 

Where a pipe line is taken over a ridge, an air-vent vdlve must be fitted 
at the highest point ’to albw flje release of imprisoned air each time the 
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pipe is filled. This usually takes the form of a ball float valve which falls 
as air acctimulates, and allows it. to escape. Fig. 

87 shows the type fitted to the 42-in. supply mains 
of the Kinlochleven PowTr Works.*^ 'Hie float, g 

working between guides, ca’rries an air >^dlve |p M 

spindle at its upper end, and the upper part of ^ j 1 

the valve casing serves as an air vessel to 'Vcducc 

shocks in the pipe. Such valves also serve to 

admit air to the pipp line and to prevent the for- J ^ I 

mation of a vacuum in the case of a fracture at' p \{ M / 

* some lower point in the line.* I ! i 

Proper arrangements must be made for ei/ipty- j| ' j|!if! 

ing the pipe. If it has a continuous slope from ll; jj iM i — 1 

forebay to turbine, w^ith no intervening valves, no ^ j ] 

special provision is required, but if it has low . 

points, or is divided into sections by valves, a ~ 

drain-pipe and valve must be provided, at the 87. An Atlrnisitiiiii \ .ilvi* 
lowest point of each section. 

79 . Relief Valves. — In order to prevent any harmful cflect due to 
pressure surges consequent on the closing of the turbine gates, some form 
of relief valve is necessary at 

the lower end of a long pipe |]T^' 

line. The best type of rcliei |l j I!'! 

valve is one controlled by the || 1 |'||f 

governor, opening as the gates |li j i :;|[ ^ 

close, and afterwards closing Ijll, ; 

slowly by its own weight ? 

(Art. 99). Diilerential pres- ** 

sure relief - valves of the i ( j'J^ 

general type showm in fig. 88, fflUlIZ ii]|| ^ 

which show\s a/» Lombard ! 

valve, arc occasionally fitted ' 

as an emergency device. Here I ‘'j| 

P is the pipe line with its re- | ^ ! 

lie! valve V, which is held up li ^ | I 1 

to its seat by the w^ater pres- l| ' ^ 

sure on the piston R. d'he ^ ' I 

^11 1 • • ’ 'Hi ^ I 

space below this piston is |i | i 

connected through the pipe ^ j ! 

A to the waste valve B. This ^ [J 

is a balanced valve held up ^ 

to its seat by the spring S ^ 

against the pressure of the ' j/ ^ -Lomba.d Kd.d v. 

water in the penstock, which^ * 

acts through the f>ipe C on the piston D. If* this juessure becomes 

* Pr^t . hist. C K , 191 1-2, Vt>l i>S7, Pt **1, p. izS 
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greater than normal, the valve B is forced open, allov^ing water to escape 
and relieving the pressure behind the piston R, The relief vaive V then 
opens. eWhcn the pressure in the pipe line falls to normal the valve B 
again closes, and the pressure behind the piston R gradually increases 
and closes the relief, val\^e. The rate ot closing can be regulated to 
prevent surging by suitable adjustment of the throttle valve E on the 
connecting pipe F. • 

Spring and weight-loaded relief valves may be used at points imme- 
diately above main valves whose rapid closure would give rise to dangerous 
pressures. 



80 . Interconnecting Pipes. — It is not unusual 'for the number of 
pipes to be increased at some point between the forebay and the turbines. 
/\t such a point the pipes are commonly interconnected. Hiis gives a 
more unib>rm distribution of flow through the various pipes, and. also 
enables any one pipe of the upper or lower series to be isolated for inspec- 
tion or repair without affecting the remainder, h'ig. 89 shows a typical 
case. It"’ will be s^-cn that a valve is rci^uircd for each of the upper and 
lower pipes, and it is desirable also to provide a valve for each section of 
tlie interconnecting pipe, otherwise any failure in the interconnecting 
pipe itself may shut down the whole station. The valves may be of the 
ordinary sluice type^ but those at the head of the lower pipes may con- 
veniently be made of tin; type illustrated in fig. 67, p. no. 

In many cases 'rhe p'pe lines are* interconnected immediately outside 
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the power house, so that in the event of any one pipe or turbine being 
out of ccvtimission the rest of the plant can be run. The usual plan is 
to use lengths of pipe, of about the same diameter as the main pipe lines, 
to connect each adjacent pair of pipes. This involves a good* deal of . 
expensive work, since for higJi pressures th^ .cross pieces* must be made 
of cast steel, And high-pressure valves must be fiftcd into each pipe line 
above the interconnecting pipe, and into ej\ch section of the latter pipe. 

The extra cost must be weig|ped* against the value of the extra degree 
of reliability obtained. For schemes in which each turbine is not fed by 
a corresponding pi'pe, an interconnecting pipe us absolutely necessary. 
This is usually the case in low-pressure schemes where pipes of a large 
diameter are possible. * , 

In modern practice, owing to the increased size of the units and the 
fact that the pipe diameter is often limited by the maximum thickness of 
plate that can be used, it is usual to feed each turbine by its own pipe in 
schemes involving high or moderately high heads, and in ma*ny modern 
stations the interconnecting pipe is omitted. 

If separately-driven exciter units are installed, their supply may be 
obtained from special pipe lines. More usually they arc fed from a com- 
paratively small bus-pipe placed above the main pipe lines, and drawing 
a supply from each or all as desired through the connecting valves. 

81 . Pipe Coating, s. In order to prevent rapid deterioration and 
incrustation of the interior surface of a steel or cast-iron pipe, a protective 
coating should be applied.’^ The most effective coating appears to be one 
of bitumen or pitch in smooth and perfect layers without pinhojes. A 
mixture of 9 parts of pitch to 2 of boiled linseed oi! is said to give 
good results, and also a mixture of natural asphalt with sufficient liquid 
asphalt to fill I'he voids in the dry rock. If the pipe is not too large, and 
is built up in the shojis, the coating should he aj)plied by dipping in a bath 
at a temperature of about 300'’ F., the pipe being left iti the bath for a 
.sufficient time to enable it to attain the same temperature. 'J'he first 
coating should be allowed to cool before the second dipping, which should 
not be hot enough to melt the first layer. * 

'I’here are also a number of proprietary paihls on the market \Ahi(;h may 
be applied by a brush or spiayer, and which have y^roved capable *of giving 
good results, d'hese usually have an, inflammable medium, and requVe 
caution in application. 

"^ 82 . Shipment. — 'Fhe question of shipment has already been raised in 
connection with riveted pipes having three or more longitudinal seams, and 
the method of reducing shipy')ing space by 'bundling! has bcen^indicalcd. 
Welded or other y^ipes built uy) behue dispatch may be nesteil.’ As for» 
cconfmiy of material the pipe line is usually biiih uy> of a series of 
diameters, a y>ipe of the smallest diameter may be shiy^ped inside one 
of the next size, and so on. In this way the wcig^^t for a given volume 
is increased, often with a considerable saving jn freightage. 'I'he piyics 
* See Blown, Proc. J'lst. C. Vol. ^56, p.»i. 
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composing the nests are separated by wooden wedges, and to allow for 
the thickness of metal, and to give space for wedging, there should be 
a difference in diameter of not less than 3-J or 4 in. between one size and 
, the next! Care is to be taken that the weight of each nest does not exceed 
a reasonable figlirc, or other.w;ise pena! rates may be incurred for freightage, 
cranage, &c. It will be seen that the design of a pipe line may require 
to be modified to a certain extept in order to take advantage of the shipping 
facilities. » ^ 

83 . Tail Races. The design of the suction or draft tube is discussed 
in Art. 87. The water .^merging from this tube musf* be discharged into 
the stream, and in many cases a tail race is necessary for this purpose. If 
the power st^ition is on tlic hank of the stream the tail race is formed in 
the substructure of the station. 

The illustrations of Chapter X give a good idea of the arrangement 
usual in this part of the scheme. The design must ensure that the draft 
tubes are water-sealed under all conditions, and that the free discharge of 
water is not impeded in any way. Where vertical draft tubes are used, 
the depth of. water below the Ibwer end of each tube should be at least 
equal to its outlet diameter. This condition will often necessitate lower- 
ing the bottom of the suction pit. I'he mean velocity in the suction pit 
should not exceed from to 2 ft. per second. A velocity of 3 to 4 ft. 
ptr second may be allowed in the tail race itself. 

It is usual to provide stop-logs at the point of exit from the power- 
station, so that when necessary the suction pits may be isolated for inspec- 
tion and repair. Where there is a large seasonal variation in the level of 
the tail water, it may be necessary to place the floor-level of the station 
so high above the lowest level to which the tail water may fall, as to exceed 
the permissible suction height, the approximate figures for Vvhich are given 
in Sec. 87, p. 146. In such a case it is necessary to install a weir to maintain 
a sufficient level in the suction pit. The slots for the stop-logs may con- 
veniently be used for this purpose. If this low-water condition is likely 
to be frequent, and of long duration, a vertical shaft turbine should be 
installed if possible, so as to enable the available head to be utilized at all 
limes. This question is diiicussed more fully in Chapter X. 

It is a matter of arrangement as to whether all the units in the power 
strtion shall discharge into a common suction pit running the whole lengtii 
of the power house, or whether they shall discharge into a series of pits 
each having its owm exit at the side of the station. The former method 
is the cheaper, but suffers from the disadvantage that if repairs have to 
be executed necessitating the draining of the suction pit, the whole station 
^ requires 'to be shut down. 
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CHAl'TER VIII 

Water Turbines 

• * ♦ • 

• • 

Turbines; impulse and reaction turbines; comparison; constructional 
.details; draft tubes; hydraulics of \hc reaction turbine; model 
tests; characteristic curv^Ss; specific speeds; limiting size of 
funners; Pejton wheels; constructional details; hydraulics of 
speed regidation; run-away speeds; selection of turbines. 

* % • 

84. Modern turbines may be divided iiih:) two classes, *Impulse and 
Reaction turbines. Of the former the Pclton wlieci, and of the latter the 
Francis turbine, or one of its modifications, are the only types used ia 
recent important installations. 

In an hnpiihc lurhinc tlie whole head of the supply water is converted 
into kinetic energy l)cfore the wheel is reacl^ed. 'The water leaves the nozzle 
or nozzles in one or more lugh-velocity jets which arc exposed to tlie 
pressure (usually atmospheric) obtaining in the turbine casing. It then 
impinges on a scries of buckets carried by the wheel, and in virtue of tlie 
change of direction and hence of tangential momentum produced by these 
buckets, exerts a driving force and so does work on the shaft. Its direction 
is freely deviated by the buckets, and its pressure remains uniform during 
its passage through the turbine. 

d’hc Pressure or Reaction turbine consists essentially of a whfeel or 
runner provided witli van**s into which water is directed over the whole 
periphery by a scries of guide vanes. The water on leaving these guide 
vanes is under pressure, and supplies energy partly in the kinetic and 
partly in the pressure form. In its passage through the runne.- the juessure 
energy is utilized in increasing the relative velocity of flow between the 
vanes, and the waiter finally leaves the runner at the pressure obtaining ia 
the discharge pipe or draft tube. 

In the earliest of these turbines, the I'ournpyron, the guide vanes'^vere 
inside the runner, *forming an outward flow turbine (fig. go), 'k’his was 
followed by the Jonval turbine, in which the guiele vanes are above the 
runner and the water flows axially inttJ and through the wheel, giving iin 
axii^l-flow^ turbine (fig. gi). Both these types have been to Mil intents 
obsolete for some years, and the Francis or inward'Pow turbine, in which 
the guide vanes sui round the outer periphery of the runner, has been in 
general use. In the earlier Franvis turbines tlie dischalge was also radially 
irnvards, but in modern turbines, in order to obtain a larger discharge are a * 
with a given diameter of runner, the form of the bucket?; has been modified 
so as to give a discharge in a direction whic*!i is more or less j)arallel to the 
axis of the turbine. In the ♦most rc(;cnt turbines for !ov\-head [)lants, the 
design is indeed tending to a turbine which, as regards llie runner, is 
essentially of the Jori.val or axial-llow^ typti^ (fiev gS,Y-»-i4^)* ^ nward-fl >w guide 
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vanes are used, but there are signs th^t even in this respect the design of 
low-head turbines is tending to revert to, a modified Jonval typt’. At the 
present *momcnt iow-head high-speed turbine design is in a state of rapid 
development, and it is probable that the standard of a few years hence will 
differ very appreciably, frorfinhc Francis typt. 




85. ‘General Comparison of Impulse and Reaction Turbines. — 

The peripheral velaeity of a Felton wheel for maxiniiim eflicicncy is slightly 
less than onc-half the^ spoiitint velocity of »thc jcl (usually approximately 
•46s^2^dl, vlicre IHis the head), while that ^)f the reaction turbine varies 
from about •65v^2i.dl tft i-05n/ 2"1], depending on tile design. Because 
of this, the Felton ‘wheel is \V (;11 acjaf’ted for very high heads, which may 
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then be utilized with moderate speeds of rotation. On the other hand, 
the relatively high speed of the reaction turbine enables reasonably high 
rotative speeds to be obtained with low heads. . , 

The Pelton wheel cannot, well be designed to utilize efficiently more » 
than two jets on a single wheel, and the maximum practicable jet diameter 
is about in., the volume of water which can he handled and tl\e output 
of the turbine become small under low heads. 'The reaction turbine with 
its full peripheral admission is well* adapted for large volumes. It is not 
suited dor small powers under high heads, since the vdlume of water is 
small, the waterways are of very small sectional area and easily become 
choked by floating debris, and the 
fluici friction losses become rela- 
tively high. 

The Pelton wheel is not well 
adapted to be used with a suction or 
draft tube, and, where tlie tail-race 
level varies appreciably, must be in- 
stalled above the highest tail- water 
level with some sacrifice of head. 

The reaction turbine lends itself 
readily to this construction, and has 
the further advantage that it may be 
drowned without loss of efficiency. 

The efficiency of the reaction turbine 
is not so sensitive to changes of 
head as that of the Pelton wheel, 
and since the percentage variation 
in head is usually greater in low- 
head than in high-head plants, this 
is another reason why the Pelton w heel is not well adapted lor low heads. 

If operated fender constant head and constant speed, the efficiency of 
the Pelton wheel does not fall off so rapidly at part loads as that of the 
reaction turbine. On the other hand, the modern reaction turbiiie has 
a slightly higher# full-load efficiency, so that the average efficiency from 
half to full load is sensibly the same in a well-designed machine of either 
type. The following tabic shows typical values of the part-load cfficieneies 
of modern turbines of both types of large; size, installed upder equally 
favourable conditions. 
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While efficiencies as high as 93 per cent are on record for large reaction 
turbines, such values can only be attained by the most carefuHattention 
to the design not only of the turbine but also of its setting, and in general 
the full load efficiency does not greatly exceed 85 per cent in the case of 
a large reaction turbine,^ and' Ho per ct^nt in the case of a large Pelton wheel. 
The possibilities of accurate speed regulation are about equal in the two 
types. * 

For large units the reaction turbine <ls generally preferable for heads 
up to 400 ft. Fbr heads above 750 ft. the Pelton wheel is more suitable, 
while between these limits the choice depends largely upon local circum- 
stances and, on the power required. The gteater simplicity and accessi- 
bility of the parts requiring replace- 
ment due to natural wear and tear 




renders the Pelton wheel more suitable when the supply is taken from a 
stream carrying an appreciable amount ol grit or silt in suspension. 

86. The Reaction Turbine: Constructional Details. -The supply 
t)f Winter to the runner of the reaction turbine is regulated either bv a 
cylinder gale, a register gate, or by pivoted guide vanvs. The cylinder 
gate (fig. *92) consists of a plain cylinder sliding axially between the guide 
vares, which are fixed, and the runper. Its axial position is regulated by 
the governor. 'Fhc register gate (fig. 93) consists of a cylinder carrying 
appropriate w^aterways, and capable of rotation about the axis of the turbine. 
It is usually fitted outside the guide-yane ring. 

With dther type, excessive* eddy formation is produced at part gate, 
^[dving h/vV part -load efficiencies. While the register gate is practically 
obsolete, the cylinder, gate is still used in small plants having a fairly con- 
stant load, and where low part-g^.te efficiency's unimportant. It is cheap 
and not so easily der,3nged as the wiv:ket gate, as the system of pivoted 
guide vanes (fig. 94) is teirmcd. The latter arrangemcn^ is, how^ever, the 
only one now used in.imporhint in.stallations. 




■on of Francis Turbine tor Snoqualujcc Falls 
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In a low-head installation the turbine may be erected in the open 
forebay as shown in fig. 143, p. 207. This method has the dis&dv^antage 
that the, guide-vane mechanism is submerged, and cannot be inspected or 
* repaired without draining the wheel pit, and in most recent important 
medium- and loV-head installations the guiclc-vane ring is ^surrounded by 
a spiral. volute chamber, from which the pressure water is deli#i^ered with 
uniform velocity around the cifdre periphery of the guide ring. 

The velocity in this volute ranges Jrom *i5v^2^1I to the 

higher value applying to low-head plants, and the lower to heads exceeding 
300 ft. 

P'or heads not exceeding about 100 ft., modern practice has favoured the 
moulding of fne volute chamber in the concrete of the substructure (fig. 95).* 
Such a construction has many advantages. As compared with an instal- 
lation in an open forebay it is more efiicient, and only the guide vanes and 
the runner .are submerged. The cross section of the volute may be made 
of any required shape, while the concrete lends itself to a smooth finish 
and to the formation of easy curves, both of which tend to efficiency in 
operation. 

For higher heads, considerations of strength necessitate a metal casing, 
which may be of cylindrical section, but wdiich, for single-runner machines, 
is of spiral volute form (fig. 94). This may be of steel plate, cast iron, or 
cast steel. Owning to the risk of flaw's in the casting and of its unsuitability 
for withstanding sudden shocks, cast iron is not very suitable for large 
casings subject to high heads and liable to water-hammer shocks. 

The two sides of the casing are tied together by a series of spacers 
surrounding the guide-vane ring (fig. 94). These are usually shaped so 
as to guide the w^ater into the guide vanes, and form what is termed the 
speed ring. The speed ring is also fitted where the volute is moulded in 
the concrete substructure, and then consists of two speed-ring crowms 
connected by spacers. In modern vertical shaft units of this type the 
load is transmitted vertically downwards through the coJicrete below the 
generator to the speed ring, and through its vanes or spacers, which act 
as cofumns, to the base of the substructure. 

Giiida Vanesi . — The guide vanes or gates are commbnly made of cast 
steel. The stems may be cast in one piece with the vanes, or, in large 
units, may be keyed to the vanes io as to facilitate the removal of worn 
vanes. Under very high heads, w'herc the water carries an appreciable 
amount of grit, bronze guide vanes are advantageous for resisting erosion. 

The stems project through stufling boxes in the turbine casing. 
Each stem carries a ‘lever which is coupled to a common regulating ring 
"concentric wdth the turbine shaft (fig. 94), whose position is regulated by 
the governing mechanism, so that all the guide vanes are opened or closed 
simultaneously. * 

II1C gate stems Should be strong, enough* to resist the stress w'hich 

I ♦ 

« 

* By coui*rcsv otVtke {‘r^irnp Shipbuilding Co., Pliiladdphia. 
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would be produced in the case .of an obstruction between two vanes 
with th^full effort of the governor concentrated upon them. The links 
between the levers and the regulating ring should he riie weakest part of 
the system. . ^ 



FjB- ys —Keokuk ’I'urbuies of Mississippi KU rr l‘ower Company. Overload i .’ii:)ai iT\ , n.rioo li 


Turbine Runners. — For turbines ot*’ moderate size under low and 
moderate heads, the iron* runner,, cast in a single' piece, is general. In 
order to facilitate shipment and to provide^ greater assurance of sound 
castings in very large machines, the runner is uoually bast in lour quadrants, 
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which are tied together by a heavy casit-steel crown at the top, and by a 
cast-steel ring which is a force fit around the lower band of th 4 runner 
(fig. 96).*. 

For slow-speed runners of the types shown in fig. 97 b and r, steel-plate 
vanes may be used with advantage. "Jliese^arc pressed or ^hammered to 
shape against a former, and are cast into the turbine crowns. They have 
the advantage of being thinner a'nd smoother than the cast lane. 

In the early development of turbines for high heads, considerable 
difficulty was experienced due to corrosion and wastage of the I'unner, 
even with water free from* solid material in suspension. It is now' generally 
accepted that such r corrosion is due to faulty ‘design of the runner vanes, 
leading to exeessivc eddy formation. The pressure at the core of such 
eddies is comparatively low, and this leads to the liberation from solution 
of air apparently containing nascent oxygen, which rapidly attacks and 
pits any iro/i or steel surface w'ith which it may be in contact. Such 
corrosion can largely be eliminated by correct design. Where the supply 
water is clean, casl-iron runners afe to be preferred as being smoother than 
cast-steel, except where the speed is so high as to necessitate cast steel 
being used to withstand the centrifugal stresses. Corrosion is pronounced 
at high heads if the turbines arc operated much at part gate, while the 
practice of running for long periods without load is especially bad for 
the runners. Where the water carries grit or sand in suspension the 
runner is usually made of cast steel if large, and of phosphor bronze if 
small. 

The«general changes in the shape and proportions of the runner which 
have accompanied the recent development of the high-speed turbine are 
indicated diagrammatically in fig. 97, and in figs. 98! and 98^/, which show 
one of the latest types of low-head turbine. J The change has been in the 
direction of increasing the depth of the buckets, and at the same time of 
maintaining or increasing the ratio of the discharge area at exit to that 
at entrance. Also, whereas it was formerly considered cav.ential that the 
space between the guide vanes and the runner should be reduced to a 
minimum, the most recent low-head turbines show a very large radial 
clearance.^ In fact the latest type is, in its essentials, an axial -flow turbine, 
with the more convenient form of pivoted guide-vane regulation. 

■In a recent paper § Nagler describes a new type of runner which is 
essentially similar to the impeller of a screw’ pump, and in which onJ,y 
from three to five vanes are used. This forms a purely axial-flow turbine. 
Development tests indicate that it isL capable of extremely high rotative 
speeds under low^ heads, with reasonably high efficiencies. 

« End 'Ihrust on Shaft, With a single* runner turbine, owfing mainly to 
the static pressure behind the runner due to leakage between the runner 

t ' 

• By courtesN' of' the C'rajf^ip Shipbuilding C’d., Philadelp^hia. 

f By courtesy of Messrs. I^ccard, Pictet, cl Cfe, (icncva, and of Messrs. Vickers, Ltd. 

\ Sec also Kaphir., Zcituhrift jur de^ Gesamte Turbinninesett, 20th November, 1919. 

§ Am. Soc, Merit. E., lyfcembtfr, 1919 , 
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and the casing, there is, unless special .means are adopted to prevent it, an 
unbalanced end thrust on the shaft. . ( 

Where the head is low, the pressure behind the runner may be relieved 
* by a series of vent holes through the runne^: crown. In order to prevent 



the water behind tne runner whirling, and so increasing in pressure out- 
wards due to centrifugal actioni a number of radial vanes, almost touching 
the wheel, are carric^d by the turbine casing. • Any force still unbalanced 
is taken up by* a small thrust block. Where the head is high this method 
is inadequate, and vvith a 'large turbine the end thrust is so large as to make 
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the provision and maintenance of a suitable mechanical thrust bearing a 
matter some difficulty. For this reason the greater part of tlic end 
thrust- is , balanced by hydraulic rather than mechamcal means. One 
method of "doing this is shown in fig. 94. The space to the right of the 
balancing piston is supplied w^ith pressure wajer from the ptnstock through 
a regulating V^lve, while the space to the left is freely vented to the draft 
tube. Since there is a small leakage past ^the piston, the pressure in the 
balancing chamber may be closely* regulated to suit the conditions of 
operation by adjustment of the regulating valve. 



l u; (j'l — DtMCis lor 'l urbine Runner 


In a second method the areas of the runrer at A and B (fig. 99 f^y)) are 
made equal. Leakage from the spaces at A and W is reduced to a, minimum 
by cutting down tlie radial clearance between runner and casing, and by 
the use of labyrinth joints. Any unbalanced force is taken up by a small 
tffriist hearing. * 

In a third method, the space behind the runner is vented to the draft 
tube by a pipe of sufficiently ample dimensions to ensure the pressure in 
this space being sensibly the same as that in the draft tube 99 
Here again, any appreciable wear of the runner may render the discharge 
pipe inadequate in area, giving rise to an unbalanced force for wliich a 
thrust block must he provided. ^ • 

Fig. 100 (c/) shows a balancing arrangement in which no thrust block is 

litT^;strom. Pioc. Jmt. ^ Feb,. iy20. ' 
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necessary. The space C to the left of the balancing disk D is supplied 
with pressure water from the penstoct through a regulating va^-t^e, while 
the space to the r;ght is freely vented. VV^ien the disk is in centact with 
the annular ring S, the force exerted by the pressure water is sufficient to 
overcome the fdrcc acting in /he opposite direction on the runner, and the 
shaft moves to the right. A very small motion allows sufficient leakage 
between the disk and the seatinjr ring to reduce the pressure in the chamber 
C to that necessary to produce eq if ili barium, and in practice th6 shaft 
oscillates laterally about lies position within very narrow limits. In 
general the lateral moventent does not exceed about -oi inch. Fig. ioo(6) * 
shows one modern design in which the , 
runner has been modified s6 as to act as 
its own balancing disk. I fere the radial 
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clearance between the runner and the casing is reduced* to a minimum. 
'Idle two faced rings on the front and back faces of the runner work, 
with a normal clearance oh about *02 inch, over corresponding rings 
on the turbine casing. Any unbalanced force on the runner, say to the 
le^t, causes it to move to the riglit, increasing the clearance between tlie 
left-hand rings and reducing that between the right-hand rings. This 
reduces the pressure in the left-hand space, and increases that in the 
right-hand space until a position of .equilibrium is attained. 

Balatice Piston /or Vertical Tmbines. — in the case of a vertical shaft 
turbin/,‘, iilstalled at the bottom of a wheel’ pit and transmitting its power 
through a long vertical shall, the vertical load to be carried is very large, 
and to obviate the necessity of carrying the whole of this load on a mechani- 
cal thrust bearing, balancing pistons have been used in a number of 
cases. I'ig. loi shows this method asy applied* in the Cijse of the double 

Borf^fstrorii^ PfO'^ \Jefh. February, 

■ f * 
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Francis turbines of the Canadian Niagara Power Co. Here the weight 
of the rotating parts is 120 tons, dnd is balanced partly by the upward 
pressure ot the bottom face of the lower runner, water un\ler the full 
pressure onthe supply head, 133 ft., being admitted to a balance chamber 
beneath this, runner, and pariJy by the upward pressure on the rotating 
balance piston,* which is subject to the same pressilre. Leakage past this 
piston is drained away to the tail race, and by adjusting the valve on the 
supply -pipe S the upward pressure n\ay be regulated with great nicety. 



I’li; loi - iKjl.inci* I’l ,iinis lor Vertical Shall Tiirhno 


•\ny unbalanced load is supported by the suspension bearing (fig. 102) 
which is placed on the upper deck. In this bearing, oil, under a pressure 
of 375 lb. per square inch, is supplied to the annular chamber C surrounding 
the bush H, and escapes outwards between the fixed and rotating <liF-ks at^ 
1). These disks have an outside diameter of 3t) in. aqd a bearing area of 
780 stj. in. Any slight swing or, lateral wear of the slraft is permitted I'ly 
the spherical bearing of the lower dish. " » 

Thrust Bcantn\s.- -The thrust Ivaring for a liorizontal sliaft unit is 
usually oi the simple collar type, incorporated as parg of one of the main 
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bearings. Where the end thrust is comparatively small, ring oiled self- 
lubricating bearings or ball thrust bearings are satisfactory. For large 
pressures forced lubrication is advisable, with some cooling^jdevice for 
, dissipating the heat generated at 
the bearing. The bearing, may 
be water-jacketed, or the oil 
may be cooled by a cooling coij, 
containing circulating water, in 



0 12 3 ^ 

of itfuji r 5 

icz - Sii*.rcTi‘-i<>n 



lo^ — VcHual hliatt 'I’uiUnu with SubnuM^'ed Bearing 


the oil tank. Keariiio surfaces;, should b'- babbitted. A bearing forming 
part of or bolted t( the turbine cosing is preferable to one separately 
supported, since the latter is more likely to get out ot alignment. 

Beat ifigs for I 'atico/ tSV/g/'te.-- In. a small unit, erected in an open 
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Sw'jcc 


forebay, the thrust bearing often consists of a plain footstep bearing sup- 
porting lower end of the shaft (fig. 103), and provided ^A’ith a iignuni 
vitae bear\g pad and bearing strips. In large units the bearing is never 
submerged. It may be carrjed by a cast-iron truss, sup,ported from the* 
speed ring of, the turbine, and situated belftw the generator as shown in 
fig. 95, ^^ 4 ^ich illustrates one of the turbines of the Keokuk development 
on the Mississippi River, or may Jbe sitifated above the generator on a 
supporting truss which forms th^f head cover of the generator, as sho\^n in 
fig. 96’, which shows a . 

more recent develop- J * ^ 

ment at the Cedars 

Rapids Power Co. The ^ : |v j ^ 

latter method has the j \ 

advantage of being more / I ' i\\ W 

accessible, and gives a J M V 

more compact construe- 2i[ 1 _'ir\ V 

tion. The upper guide i - |[ 

bearing of the generator j ^ J i*' 

is lucatecl ininiecliatdy ‘ i i ' SeV^cf 

below the thrust hear- | 

ing. .../ J I -----I 

(.b\ing to the fact ij j If' ; . . ' ' • 

that the whole of the ' 

weight of the rotating 
parts of both turbine 

and generator is earried -.f >.‘- 

by the tlirusf hearing, n-un i serlcrs 

1 1) i s f o r m s a \' e r y i m p o r - ^ ^ ^ ^ ^ ' 

t a nt f ea t u re i n t h e d esi en /V \ ^ 

of sucli a unit. Until \ J 

comparatix ely Recently ^ 

tlie type of oil-pressure “ t.-:- 

bearing sh<)\Mi in fig. ‘ ‘'’-i 1 4 • 

102 was used “alinost ^ 

exclusivelv for large units. 'Phe danger aeeoinpanying any failure of die 
oil-supply to- such a hearing has led’lo the more general use, in modern 
iiftits, of some form of bearing not recpiirihg a jiressiire oil-^uppiy. Py • 
replacing tlie lower disk by a series of blocks, each of which has an alternate 
inclined and fiat sector, the oil, supplied .under gravity, is fed int(» the . 
segments by the rotation ol theshaft, and a simple be?iring (fig. <^/^arid h) 
is produced which is capable of jjood results ninder large loads, bearings 
of this type ha\’e been used for loads up to (So toils'^' at speeds uii to 
375 r.p.in. Tests show them culpable* of widistanding pressures of 
approximately 1400 lb. pef scjuare,»ineh at periplieral speeds of 70 It. per 
second. . ^ • 

A*t ihv Hciulc'ii\c Jn^lallafion (Frib'juiU SvMtzerl.inii). 


^,P’i '! , trtn 


3 r< 2 / iA *7 

Serlcrs 


"•'U npe Tf^ M)|J I 11 .11)1 J(4 


10 
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An elaboration of this idea has led to^the so-called Michell or Kingsbury 
bearing, in x/hich the stationary disk is* made up of several j,)abbitted 
segments,' each of 'which is mounted on a pivot to enable it V adjust its 
angle of inclination to the rotating disk, so as to ensure an approximately 
even distribution of loading over its surface. This bearing also has the 
advantage that the oil-supply docs not need to be under pressure. In 
such bearings, applied to the Keokuk turbines (tig. 95), the diameter is 
56 in., the total load 255 tons, and the mean bearing pressure 350 lb. per 
square inch, d'ests show tha" the friction loss in these bearings amounts 
to between 7-5 and to kw. at he normal speed of 100 r.p.m., or approxi- 
mately one-tenth ol i per cent >f the output of the turbine. 

In some more recent installations a roller bearing of reduced dimensions 
is placed inside the main bearing. The roller bearing is made with a 
slight clearance, and only comes into operation if any wiping of the shoes 
of the main bearing causes the bearing plate to settle. 

Roller bearings have given excellent results in many modern plants, 
under loads up to 250 tons and a^ speeds up to 300 r.p.m., while for light 
loads ball bearings are very satisfactory. iJotli types of bearing arc 
sensibly independent of anv oil-supply. 

In some recent large units spring thrust bearings have been used in 
which a flexible plate divided into sections b) from six to ten grooves 
takes the place of the pivoted blocks of the Michell bearing, This is 
supported by a large number of short, stiff spiral springs, with a view 
to obtaining an ev^en distribution of loading over the bearing. 

(hiiue Benrings. The guide bearing for a vertical shaft turbine may 
be either an oil-lubricated babbitted bearing or a lignum vitae bearing. 
The latter type has been fitted to a large number of modern units, it 
has the advantage of enabling the bearing to be brought closer to the 
runner than is Jeasible with the babbitted type, rendering the shaft less 
liable to develop vibrations. It also eliminates the necessity for an oil- 
supply and an oil-circulating pump in connection with die bearing, and 
thus removes one source of possible breakdown. 'The modern lignum 
vitae hearing consists of a large number of narrow longitudinal strips, 
dovetailed^ into the bearing boxes, w ith the end grain of the wood in contact 
wath the shaft. Spaces for the circulation of water are allowed between 
adjacent strips. Clean, and, if nec^'ssarv, filtered water is piped to the 
bearing, anerthis escapes through passages vented in the hub of the runner 
into the draft tube as shown in tigs. 95 and 96. To prevent corrosion and 
to facilitate removal alter wear has taken place, the shaft is bushed with 
bronze where it passes through the bearing and stufiing box. 

87 . The Draft Tube. — The suction or draft tube was originally 
designed with a view of enabling the turbine to be placed at a con- 
venient height ahov^e tail -waiter Ivvcl wathout loss of head. The maximum 
practical elevation depends on the ^iametcr of the draft tube as in- 
dicated in the billowing table, which is adajncd from" values given by 
Meissner: ' . 
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Diamctcc 

lube,) 

feet \ 

.. ../ 

Maximum 

elevation,) 

feet 

... 


10 ! 1-5 


2*0 1 2*5 , 3-0 : 4*0 5'0 6 0 


8'0 


30-0 : A:8*o ; 26*5 I 25-ci /23-5 ! 21-0 , *19-0 , i8-o ! 14-0 ! 


From •these VLiIues should be subtracted the head e([iii valent to the velocity 
of flow down the tube. * ^ 

The draft tub(? also, if well designed, ftnabjes a large proportion of 
the kinetic energy of discharge from theAurincr to be converted into 
pressure head, and so to be utilized. 'J'fii* mean velocity of dibcluirgc 
from the runner varies from about *2v'^24dl in a slovv-specJ turbine under 
high head to - or even more, in a higfi-speed turbine under a low 

head. Adopting the latter value, the kinetic energy of diseliarije represents 
25 per cent of the total liead, and for high efliciencies in such an installation 
it is essential that a large proportion of this energy should be recovered. 
In fact, the high efficiencies of modern* low-head plants have only been 
rendered possible by the most careful attention to this part of the instal- 
lation. 

With a })arallel draft tube discharging vertically into the tail race, the 
whole of the kinetic energy is lost, if, however, the tulK^ is designed with 
a gradually increasing diameter, so that the velocity is gradually reduced 
from to v> before discljarge, the loss of energy, which depends on the 
angle d, included between the opposite sides of the tube, is rdtxluced. 
Experiments on comparatively small tubes* sliow' that this Kkss, expressed 
as a fraction of 2", tiie loss o]>taining with a sudden change 

of velocity from 74 to 7 \, is as indicated in the following table: 


C'onical angle 


1 

5" i 

' 5 ' 

2 '>'' 

25 

JvOss of head in *1111)0 expressed as^ 

1 

1 




a fraction of ^ ’■ 

'* fi 

’■■■ -j 

! ->7 

! • 

*27 

* 4-2 

•62 

• 

• 

Total loss of head cx- 

r 7 b 

7 ’‘» — 

4 

■ , 

•'? 1 

•zr 

• 

•30 

• 4 t 

• 

pressed as a fraction 

I • 7 ' ^ 

1 • of ’ , where 

1 

- 

.) 

7 ’j 

• 

•'7 1 .->9 

•23 



1 

1 

r, -- 

V “ 2 

•28 [ -y) 

* i • 

•32 

• — 

•-;o 

1 


The last three lines of this table show the total loss of head, including that 
due to the final velocity z\y, jvhen v.y is respectively one-fourt!i, one-third, 
and one-half v^. , * • 1 , 

With a given length of draft Vibe, the choice lies between a small 
* • * 

*Tram. Roy. Sor. PJdinbun^h, Vol. 48. Hydraulics, (CoP>tabic 

& Co., 1912), pp. 85-9;:^. ^ • • 
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angle of flare with a relatively small ratio of to v^y or a larger angle and 
a larger velotity ratio. The latter gives 'a bigger loss in the ^'be but a 
^ smaller I6ss at discharge, and the best proportions are such ds give the 
niiniinuin total ‘loss. If, for ^example, the diameter of the runner at exit 
is 4 ft., and the available length of draft tube is 20 ft., an angle of flare of 
5“ will make the outlet diameter 5-75 ft., the ratio of inlet and outldl velocities 
2 06, and the total loss of heacl -zjv/ ; 2^^ An angle of 10^' wil? make 
the outlet diametfr 7-5 ft., the ratio of velocities 3-52, and the loss of head 
•i(Sr,“ : 2*7, while an ai^gle f j 5'’ will make the oiillcH diameter 9*27 ft., 



the T.itio of vclociiies ^^- 37 , and the loss o1 head ■2J7’j“ ; : In tins 

cas(‘ the best angle of divergence would be slighllv u\er to . 

The d'ameter of the draft tube at entrance should be the same as that 
of the runner to avoid all shock at this point. By curving the tube so as 
to discharge in the direction of flow in the tail race, the kinetic energy of 
its discharge is partially utilized in assisting this flow, and is not entii<l*ly 
\^asted. 

'J’he draft tube may be either of sleel-jflate or cast-iron construction, 
or may be moulded in the concrete su,bstrQcture, as shown in fig. 146 14S, 
j). 21 1. ^I'he latter Lpraiigement, if nf)l ruled out on tlie ground of expense, 
is preferable where circumstances permit, sinc/^ it enables any desirable form 
(ff cross scctioo to bg adopted, \vhere;is with a steel-plate construction the 
conical circular form is almost essent/al. W’ifh a moulded draft tube, a 
form such as flg. 10^, which ^'-rjablcs a comparatively shallow tail race to 
be used, presents no difllcidtics.' 
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•water turbines 

With a horizontal shaft unit, the turbine shaft passes through the 
draft tube, and a stuffing box is necessary to prevent air leakage into the 
tube. Iliv tightness may be assured by means of a water fjeal consisting 
of a chan^j^cr C surrounding the shaft (fig. io6), and 
supplied with pressure winter from the penstock 
througli a si^all pipe P. * • 

Incidentally a conical draft lube tends to im- 
provQ the spetM regulation. Witlj quid# regulation 
on a falling load the inertia oJ* the suction column 
tends* to break the column and to produce A vacuum 
in the turbine casing. Any such separation il folltiwed 
by a reilux up the draft tul^e, which may ^vc rise to « i 

severe water-hammer effects. I{ven a compaiatively 

small clutnge of load may, with a long tube, set up such pulsations, which 
are detrimental to steady running, and which are reduced by the use of 
a conical draft tube. As an example of this effect, consider.the case of a 
vertical parallel draft tube I it. long, dipping It. below the surlace in the 
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tail race, and suppose air leakage ajl the top of the draft tube to increase 
the pressure by the equivalent of //,, ft. of water. 1/ then a bc.the retarda- 
tion, and if the barometric height ?s 33 ft., for separation to (^ccuf- * • 

33 • (^. ,/<•. 
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If, for example, / =* 28, ~ 2, = 4, the necessary * retardation is 

only 3*43 ft. per second per second, 

88. Hydijaulics of the Reaction Turbine.— The space^vailable 
renders it^ impossible to do more than touch on the general pr^iciples on 
•which the hydraulic design of the reaction turbine is based.* 

Jn the following discijssion let ^ 


•w ----- 

M, — 

7 ; - 

W 

f 

a - 

Q - 
W 


angular velocity of the runner in radians per second^ 

w — 27 rN ; *60 where N - revolutions per minute, 
7L'r velocity of wheel at point indicated by a suffix, 
absolute velQcityt.if v\ater, ^ 

tangential compet ent of Vy 
radiaTcomponent^d 
relative velocity of water and vane, 
guide vane angle (fig. 107), 
wheel vane angle at entrance, 

►wheel vane angle at exit, 
flow in c.f.s., 

weight of 1 c. ft. of water, 

suffix (2) refers to inlet to wheel vanes, 

,, (3) refers to exit from wheel vanes 


For entry without shock, the direction of the relative velocity of water and 
vane at entrance to the wheel is to be parallel to the vane lips, and a con- 
sideration of the diagram of velocities (fig. 107) shows that if the angles 
are correctly proportioned: 


/, a (ZC2 ti^^) Vdn u., ----- rr.(i — 

tan 

/:i (W3 w’y) tan y. 

" A ^«sec H; - /, cosec y. 

The change of the moment of niomentuni i WQ , , ii_ 

^ ft. lb. 


in the wheel turning moment 1 

/. Work done per second i WQ , , 

1 J — . IZVnTn -- 7l\r..\ Zi 

' if ► “ 

WQ 


on runner 


zo 


\zVnUo ft. lb. 


Jn an ideal wheel, with no friction or eddy losses, we should have, neglecting 
'changes of leVcl in the wheel, * ^ 


p2 . ^' 3 " 
W ' 20 


Pa 

W 


-i work doivc per pound between (2) and (3). 


'The efficiency w ill be a maximum when the energy rejected in the discharge 
is a minimum, i.e. when t’.j is a minimum, or wl)en 7c.j is zero, in which case 

* For further inform JtK^n *ihe reader is refoTed to some su^h book as that of Cielpke 
and \an Cleeve. Tinbinci, and Turbine Jnstaiiatwns^f'yr Vorlesur.gni uber H'assernajt iMaschinen, 
* by Dr. K. C’arncrer. 
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— /s- As’suming the wheel to be designed foi this state of affairs, 

P2 4, Pi , f/ «' 2«2 

W 2g' W ' 2 ^ g ‘ 

Writing H as the head available to produce flow through the wheel, so that# 
l*f - /’2 , ^’2" Pi 'pi a^2«2 


wc have H 

W 2" \V 

• • % r 

from which, writing # /3 A “ 


m, tan n 


where 6 and r are the breadth and radiusJ;)f tKe whct l, we get, on sub- 

stitution, • 7 

\r 

W; 

\ l , I !’•>}'., _ V- tan <i 

' 2 -I ( - “ tan « 1 - 

h.^r.j ^ tan /S 

1 *1 i tan n \ 

while Wo ( 1 - 

tan 

and Q tan <(. 

Thus in a wheel of given design, the peripheral speed for maximum 

efficiency and the volume of discharge each vary as vOl, while the- output 

of the turbine, being proportional to varies as IF. 

r,,i I , T or • work done per pound 

1 he hydraulic efficiency >; — t 


which on substitution becomes 


J -f ! ( 1“ tan a) ( ' ) 

tan fi tan 


Writing “ /cv^ 2 ^il, the manner in \vhich A% and therefore the speed 
of the wheel, 'ind in which tj vary with changes in a and is shown 
in the following table for the special case in which ZV:!* 


Varies of a. 


Values ol ft. 


|! k 
ii -I 


Vi-l 

v-i° 


917 
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The results show that by suitable adjustment of u and fi, 'the peripheral 
speed for a given head may be varied between wide limits. For high 
speeds H shoi^ld be large, and for high efficiencies a should be s^all. As 
ft is increased, the value of /j, and hence the volume of watejlT passing a 
•wheel of given sjze diminishes, so that to objain the same output the size 
of the wheel is to be increased. If, as is usually the casf in low-head 
plants, a' high rotative speed is required, the inlet area is inoreased by 
increasing the depth of the runner, ^uch a turbine has *a comparatively 
large ratio of inlet area to discharge arcif, and the velocities of discharge 
are relatively high. For higli heads ft may be between 6o"' and go”, and, 
for medium and low head's, bt|.yvccn 90'' and 135*^. 

Similarly, v\hile the h\drai|!ie efficiency decreases as a increases, the 

volume of flow increases with d, and the 
maximum output is obtained whefi the pro- 
duct of Q and ;/ is a maximum. For high 
efficiency u should be as small as mechanical 
considerations permit, generally between 
12'", and t 8^. Where a cheap turbine is re- 
quired, and the efficiency is not of great im- 
portance, a may have a value as high as 35 
"Fhe foregoing theory neglects the effect 
of losses of head due to eddy formation at 
the entrance to and in the runner, of leakage 
between the runner and its casing, and of 
mechanical friction, and assumes that all 
the water filaments have the same directions 
of motion at entrance and exit, and that 
r,iT ,os these directions are parallel to the directions 

of the vane tips at these points. In any 
commercial turbine this latter assumption is not nearly true, and in such 
a case the runner is imagined to be divided into a series of elements 
(fig. "08) in each of which this condition is approximately fulfilled, and 
each of which has its own appropriate vane angles. These elements are 
then combined to give the complete runner. The effect of the various 
hydraulic losses can he taken into account by the intn* duction of suit- 
able constants based on experimental tests on similar runners, but the 
true value ol the theory lies mainly ih its power ol indicating the relative 
‘ influence of* the main points of design on the efficiency and output, atvl 
in its ability to give a preliminary design which may alterwards be 
modilied in detail by the results of tests. 

89 . Model Tests*. The more complex the form of the runner, the 
nfore necessary does it become to rely oi\ experiment for the final design, 
and for an estimate offthe perlormance and output under varying conditions 
of speed, gate opening, end head, and the* very high efficiencies attained 
by some modern turbines have only been obtained by correct theoretical 
‘ design aided by .extended .experimental investigation. Testing plants are 




WATER TURBINES 


53 


now utilized by most high-class manufacturers, in which all standard 
runners are accurately analysed, and in which new designs are tested. In 
the case a large turbine, a geometrically similar model is^tested. For 
such tests t is not necessary that the head should be the samc'as in the ^ 
large turbine. If the suffix m refer to the /nodel, and if S be the scale 
ratio of runner and model, and N the revolutions*pcr minute, then if the 
turbine aiid its model are installed in similar settings, their efficiencies 
will be very approximately equal if • 


N,, 

N 


- S 


V 


/H 


n} 


and if, at the same time, tlie volumes of \vll^r passing are in tlie ratio 


Q,„ I IL 

Q S- V II ’ 


the horse-powers will then he in the ratio 


H.P. 

(II.P.),, 


H )‘ 

II, „ 



The relative effect of friction is somewliat greater in the model than in • 
the full-size machine, and as the losses in thc^el^iifg arij usually also greater 
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in the model, the efficiencies obtained from tests on the complete installation 
are often rather higher than from the model tests. 

Fig. 109^ shows such efficiency curvbs as obtained from^ Francis 
turbine cfeveloping 6000 h.p. at 116 r.p.m. under a head of 4^ ft.* The 
runner diameter is 7 ft. 6J in., while that oi the model is 2 ft. 3^ in. In 



tliis case the design of the setting in the large plant was much better than 
in the model tests. Where the settings are similar, the coincidence be- 
tween t^l^^ two curved is usually closer than in this particular example. 

* 90 . Characteristic Curves for* Reaction Turbines.— During the 

tests of a turbine or model, the head is usually maintained as ne^arly as 
possible constant, aijd^the output and efiiciency are measured for a series 
ol gate openings and speeds. From these results, speed-power and specd- 

* II. if Taylor, (J*en ^ El .kHiVitvc, Ji^ne, 1914, Appalachian Po\Acr Co 

* f * 
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efficiency curves as shown in fig. no may be drawn for a series of gate 
openings. In order, however, lo s^low graphically the behaviour of the 
turbine ur^ler a wide range of rJperating conditions, a scries ^f charac- 
teristic cur\js ” is usually prepared from the test data. ' Such a diagram, 
deduced from tests on a Frances turbine designed for 124 bih.p. at a speed 
of 187 r.p.m. under a head of 17*3 ft., is shown in fig. 111*. To construct 
this diagram, the values obtained from the tests and as shown in fig.*! to arc 
reduced to those •corresponding to a iinit h^ad of i ft. 'Fhc specd-power 



i 11;. Ill- Ch.itaticn^iic Curves for Francu Tu*b ne haMnp a specific ‘^petJ of 5() 41 

• • 


curves under this head at the various gate openings are then (Trawn as 
shown in the dotted lines of figs, tit ‘ and 112 on a base of unit speeds* 
the^unit speed being N x^ll. In the above case tlie iinii* speed is 
187 “ v/i7*3 ^ 45*0 r.p.m. From the speed-efhciency curves, the speeds 
at which the same efficiencies are obtained under difierent gate openings 
are obtained. These speeds ar^e marked on llie cefrrespondin^ ^speed- 
power curves, and through these p< 5 ints a serie.^ of continuous curves arc 
drawn.* 'Hicse are the “ characteristic curves • 

This type of diagram is valiialfle in an ii^vestigatioi^ of the effect of any 
probable change in operating conditions, or of the suitability of the turbine 

lierj^sUom, Proc. Jmt^ M. 7 i., Jl^'^ruarv^, 1920. 
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for conditions other than those for which it is designed. If, for example, 
this particular turbine were required ‘to operate under a 20-ft. head, the 
power developed at full gate would be 

173 X 20' =- 154-8 b.h.p., 

* s 

and the normal speed ivould* be 

45 X s/ 20 ^ 201 r.p.m., 



Fic; 112 --L h.nariotisrk Ciinc-i for Frant Tur' ino it'i^ -.pi'iJ 7S <; 

while the efticiencies under these conditions would he the same as shown 
in the diagram for the noi'fnal unit speed. If, however, ihe speed were 
rccjuirerl to be say 220 r.p.m., the corresponding unit speed would be 

230 ^19-2 r.p.m. 

T'hc corresponding cfliciencies may be read off the diagram. For* this 
turbine the values are shown in the second line of the following table. 

T'he efficiencies at normal speed are given in tlie third line of the table. 

• « 


• ^ 

1 


(i ate opening ,, .. 

1 ' ° 

: -883 

750 

•667 

0 

0 

hflieicney, per eentj. .♦•. . .j 

8’-8 

• 

: 137-6 

86*4 i 

1 

1 83*0 

75-5 1 

EHk'jency at normal spcctl . 

83-0 < 

88-2 

1 

1 93-0 . 

; 87*3 

82-0 1 
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If the speed of 220 r.p.m. were to be-maintained, and the head to be in- 
creased to say 30 3 ft., the unit speed wouid become 

220 -;- ^30-3 = 40-0 r.p.m. 

* % 

I 

The unit power at full 'gate is now 171, and the output is ' 

171 X«30-3- = 285 b.h.p. 

t 

The efficiency uffJcr thCvSe Cf^nditions \\ould be as foUo,ws: 



I'li; 1 15 — Clunictt-M tslii' Curves of 30-in specifir speed langfc frotn (»5 to no 

• • c 


Tin's particular turbine has a specilir speed of 59. Fij^. 112* shows the 
characteristic curves for a turbine having a normal specific speed of 78-5. 

Fij^sr I r^-iS t show characteristic curves of a series oT turbines having 
specific speeds rangpig from t8 to no. * 

91 . Specific Speed of a T^urbine. -^If V denote the output in b.h.p., 
then, for a given turttine, • 

f 

* Pfoi . Inst. E.t. ^ebruury, 1920. 

i Uv cou^.esy 0/ Klc‘^ r^. S IVIotuan Smith Co., York, Pn. 
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(1) the speed N is proportionral to 

(2) ?he discharge Q is proportional to 

(3) th^ output P is proportional to H v^li H*. 

If 

f 

In order to alTord a basis of comparison of turbines of different diameters 
and proportions ^operating under ditierent heads, the term known as 
“ specific speed ” has been introduced. This may be defined as the speed 
at whicl] a runner would operate i/ reduced ge^^metrically V) such a size that 
it would develop i h.p. under unit working head. • The figures for specific 
speed given in the following^ pages refer to.' a unit head of i ft. Jf the 
metre be adopted as the unit, these figures rc^itiire to be multiplied by 4-45. 

To determine the value of the specific speed, imagine the head to 
be reduced from H to //, the dimensions remaining unaltered. Then 
since the peripheral speed for mavimum efficiency is proportional to v^K, 
while the output is proportional to U, we have: 


n 

N 


V 


I P 'vliile ^ 


(V 

MI' 


Now imagine all the proportions of the turbine to be reduced in the same 
ratio. Since for a given head the number of revolutions is proportional 
to the diameter, and since the quantity of water is proportional to the 
inlet area, and therefore to the square of the diameter, v\e have: 



If now // and p fie made equal to unin , n 
so that 


kVp 


II' ■ 


becomes the specific speed N,, 


In the case of a turbine having more tl^ian onp runner, P in this expression 
represents the output yier runnev. * If P is taken as representing <he total 
output, this value of N, is to he div»iJed by tlie square root of the ninuber* 
of ru liters. 

The specific speed of a reaction turbim^.mav be*vjried by varying the 
diameter of the runner, the angle of tlic guide vanes, and the angle ot the 
wheel vanes. By Inodifying the design as ^indic;ited in th(' sketches of 
fig. 97 it is possible, while maintailiigg lug^ e'fiicien^ies at full load, to 
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increase the specific speed from about 15, its minimum value with the 
type shown ^ in fig. 97 A, to about 125 with the type shown i?i fig. 97D. 
Specific -speeds as higli as 150 are possible with some sacrifice in efficiency, 
and it is probcblc that further developments will sec the value increased 
still further. The turbine shown in fig. 98 has a specific speed of 118*5 
at its designed speed of 93-7 r.p.m. under a head of 32*8 ft. Under these 
conditions efficiency at full l(^ad is 85*0 per cent, at three-quarters load 
8 j per cent, and at lialf load yi per cent. The corresponding discharges 

a'e 3110, 2470, and 
1910 c. ft. per 
second. Under a 
head of 19*7 ft. at 
the same speed of 
rotation its output is 
4200 li.p., its specific 
speed 146, and its full 
load efficiency 68 per 
cent. The type of run- 
ner shown in fig. 97A 
is well adapteil for 
high heads and rela- 
tively small volumes; 
11 IS suitable for 
medium sjH*eds; U 
for high speeds and 
medium heads; and 
1) for low lieads and 
high speeds, 'riiesc 
high s])ecific speeds 
are extremely valu- 
able f or low -head in- 
PERCENTAGE OF MAXIMUM OUTPUT SlallutionS, siuCC thcV 

I I 1;' Ml. \ .li 1 1! i..n <)t 1 uuh Hiitnut enable the si/e and 

, coot of the turbine, of 

its setting, and of the generator to be greatly reduceil. In fact, many 
existing low -head installations would have been commercially impracticable 
but for the de\elo)uuent dining recent years of the high-speed iurbine_ 
lligh specific speeds are, however, attended by some disadvantages, 
particnlai ly for medium and high, heads. 'Ifie part gate efficiency in 
general ltd Is of] as the specific s}>eed increases, broadly as indicated bv the 
"curves of fig. 116, wliieli show the efficiencies of a series of model test 
lui bines of appro^'^mately tlu same size operating under the same head of 
4 m.* Also it the j^pied is imdiily high it becomes very difticiilt to avoid 
C(^rrosion troubles. At the present j stage of design, tlie maximum specific 
speeds to be used ni'rmal circumstances with \arious lieads are 

, - r 

* the cf)urte‘^ ’ of TV'tssis Bovinj^ eSc Co., L.d. 
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approximately as represented by the 
curves ot 117. 

In the earlier low-head plants, sjaf- 
fieiently high speeds were attained by the 
ifse of two or more runners on the same 
shaft as shown in fig. 145. (See pocket 
at end of volume.) 'riiis arrangcnicnt^has 
a number of disadvantages as compared 
vvith.thc single runner. These are: 

1. A separate series of guiie vanes 
or gate mechanisms is required * for 
each runner, on« or all of which arc 
submerged. • 






bide and Sectional Elc\ation 
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2. Torsional deflection in the operating shafts renders it difficult to 
ensure equaj gate openings on all runners?. 

3. The cost of the substructure is usually greater than in the case of 

a vertical single-runner turbine. , 

4. Owing to shock and’ interference between the discharge streams 
from the runners of a double-runner turbine, a greater proportion of the 
kinetic energy of discharge is lost thao»in the case of a singfe-runner turbine, 
"^rhis effect is increased by the impossibility of avoiding sudden changes 
of direction of flbw in the water leaving the casing of'the double turbine. 
Since a high velocity of discharge is a feature of a high specific speed 
turbine, this factor then becomes of special importance. 

With a single-runner unit, on the other hand, only one gate mechanism 
is necessary, and this is outside the turbine casing and accessible for in- 
spection at all times. Repairs to this can be carried out without dis- 
mantling the turbine. A long tapering draft tube, without any sudden 
changes of direction, can be used, and it becomes possible to adopt the 
type of moulded volute construction shown in fig. 146. Development, 
especially in the United States, has of recent years been tending to a more 
general use of this vertical single-runner type of unit for medium and even 
high heads, as well as for low-head plants, except where the general arrange- 
ment calls for an overhead intake to the turbines, or where direct-current 
generators are to be installed. 

91 a. Nominal Diameter of a Turbine* Runner. — In a low-speed 
reaction turbine of the types shown in fig. 97^ and b, the vane edges at the 
point of entry are parallel to the axis of the shaft. The diameter is measured 
at this point, and has a perfectly definite value. In a high- or medium- 
speed wheel the inlet edges of the vanes are usually inclined, while the 
discharge edge of the bucket has a maximum diameter which is greater 
than any point on the inlet side. In this case there is no definite convention 
as to what point shall be taken as giving the diameter of t»he wheel, and this 
discrepancy accounts to some extent for the fact that a turbine given as a 
certain, diameter by one m^ker will have a greater capacity, speed, or 
output than one nominally of the same diameter qi^oted by another 
maker. ** ' 

The diameter at the points 1,2, 3, ‘and 4 of fig. 1 18 is given as the nominal 
diameter by different makers. Here (2) is the mean diameter at infot. 
The diameter shown at (4) is most commonly given. In any estimate 
involving the diameter of the , runner, the prospective buyer should satisfy 
himself ati which poiow this is measured.* - 

< Limiting Sizes of Turbine Rurmers.—^^At the present time the maximum 
diameter of runner/ror which any turbine maker will quote is about 17 ft. 
6 in. A runner of this rizc and*Af normal flesign wdll give about 5900 b.h.p. 
under 20-ft. head, or about 16,500 b.h.p. under 40-ft. head, the variation 
in output with head being sensibly proportional to Hh 

92 . The Pelton AVheei.-^IJxcept lor very large units the Felton wheel 
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is seldom constructed with a vertical shaft, owing to the adAntagcs of 
simplicit5^ of construction and facility for inspection afforded by the 
horizontal shaft type. In general only one nozzle is used on a single wheel. 
Two jets Have been used in number of cases, and in tins way* the powey 
can be practically doubled. Such jets arc* usu^ly placed approximately 
at right angles, as shown in fig. mj* It is found, however, .that in a 



horizontal shaft unit the splash Tr^n one jetialTecte the*()ther,,and reduces 
the efficiency somewhat. Whci^ the output required from a uniTis greater 
than can be obtained from a single jet, it is usual preferable to mount 
two single-jet wheels side by :fide on th#.same sl^aft (fig. izn). }* 

Aozz/rs. “The modern Pclton wheel is always fitted with a circular 

* Kni>inecini[f, 2nd July, in20^ Messrs^ llovinj; ^ C’o., l^ondt^n. 

' •! in(f Aiii'^in.t ini.i AlAs<!iK Psfchrt V*\ t,s i'n YAirxch. 
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nozzle, with an axial needle or spear /or regulating the size of the jet. 
Other shape^ of jet have been used, but *all such forms suffer •a greater 
windage loss than* the circular. Also all other forms tend to become 
♦ circular, and in^ the process tend to become unsteady. Th^ maximum 
practicable diameter of jet appears to be about 12 in. The^ axial position 
of the needle in the nozzle is regulated either by hand (fig. 121), or, in all 
important installations, by the gi:)verning mechanism, as shown in figs. 119 
and 120. For high efficiencies the diameter of the pitch circle of the 
buckets should rvn be less than about twelve timej: the diameter of 


the jet. • 

Buckets . — The ..original 



Pelton buckets v/ere of rectangular section 
(fig. izza). These have been 
superseded by the- elliptical 
bucket (fig. 1226), in which 
that part of the lip in the line 
of the jet is omitted. The 
lip and ridge of the original 
bucket deflect the jet in two 
planes at right angles, and 
as the paths of the streams 
thus formed cross, a certain 
amount of energy is dissipated 
by their impact. Also the 
lip I tends to deflect the jet 
radially inwards towards the 
rim of the wheel, in which 
case some fouling of the suc- 
ceeding bucket 'is inevitable. 
The sharp curves and corners 
of this type of bucket cause 
an appreciable loss in eddy 
formation, and tests show that 
the eflicicncy obtained with 
the modern, form of bucket 



is from 10 per cent greater than with the older form. 


•The angle through which the jet is deflected by the bucket should be 


,as nearly i^-o’ as possible. Ln order that the discharge from one sha^ 
clear the back of the following bucket, in })racticc this angle is limited to 


a maximum of about 165'', 

'Fhe frijtion loss in, the buckets inkrcfisc,s w^ith the wetted area, and to 
reduce ttiis the number of buckets should, be as small as is consistent with 


continuous impact, while they should be made no larger than is nece!,sary 
to give the requircci change oi„\)lirectioii nwith easy curves and without 
shock. The suiface s*nould be as smboth and well finished as possible. 


• In modern practice the width of the buckets is bctwecK three and four 
times the jet diamctero the ,r;itiq diminishing as the size of jet is increased. 
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In a high-speed wheel the runner, consists of a steel disk, to which the 
buckets ai*e bolted. The latter ‘usually carry two lugs which# straddle the 
wheel rim, and are attached to it by two bolts. In sorfie cases a double- 
wheel disk fias been used with the buckets carrying three lugs. Two of ’ 
these straddle .the disks, and the third fits Between the disks. I'he lugs 
are so designed that a single bolt passes through the rear lugs of on^ bucket 



l’'iK 123 — Arnilierg Tovm'i SlaiifMi 3000 h p , 2Sooti lu-ad. 630 r p.m Pilch ciicle ilum q 41 fi 


and the forward lugs of the next. This type of construction is advantageous 
where large buckets are to be fitted to a.wlicel of comparatively small 
diameter. For exceptionally higf! peripheral speeds it is inack'isable to 
rely on bolts to resist the large (Centrifugal fprees, and one type'^of coi> 
strucfion which has been successfully used under sucluconditions is slmvvn 
in fig. 120. Here each bucket Carries IwA.lugs which closely straddle the 
disk, and arc kept in position by t\vo fitting bolts and by' two steel rings, 
one on each side ^1f the wheel. * ^ 

Fig. 123/^ and d shows a type ol (jonstVi^ctioM adc^jUed at the Arniberg 
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Power Station. Here units developing respectively 3000 h.p. and 1300 h.p. 
under 28oo<ft. head have wheels of about *5 ft. 5 in., and 9 ft. 6 ifi. diameter, 
and make respectively 630 r.p.m. and 360 r.p.m. In both these wheels 
rivets and not bolts are used, so that individual buckefs cannot be 
replaced. » ‘ . 

In an installation at the Fully Hydro-electric Station in Switzerland, 
operating under the extremely higbihead of 5412 ft., the velocity of the 
buckets is 303 ft. per second. In this tfase the buckets are of forged steel. 
Each is provided with two lugs which fit into a wedge-shaped slot in the 
forged-steel disk (fig. 124).’^ A series of openings are made in the periphery 




of the wheel through which the lugs arc inserted, and the required spacing 
is obt'xined by distance pie<;es of triangular section insert^ between the 
buckets. The last distance piece is inserted while the. rim is heated, and 
the coiTtraction on cooling binds the whole firmly together. 

* 93 . Hydraulics of the Peltoh Wheel. — If II be the pressure head 

behind tfte nozzle of a PeKon wheel, the velocity of efflux is equal to 
ft. per second, where CJ„ the coefficient of velocity, in a well- 
formed needle nozzle is approximately -99. Calling Vj this velocity, the 
horse-j)d\\ er of the jl‘t is equal to 

62 - 4 «y ,3 _ .ooi76flVi'’ h.p. 

55" 2^,^ 

where a is the area of the jet in squa^je feet. 

♦ By courtesy of Messrs. Pjccartf, Cic, Geneva, and of Messrs. Vickers, Ltd. 

* t • • V 
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Let u = peripheral speed of buckets at pitch circle. 

,, Vo = final absolute velocity of water leaving the bHickets. 

„ yVp — relative velocity of jet and bucket at entrance. 

„ = relative velocity of jet and bucket* at discharge. 

„ a = mean angle, between jet and tangent at point of contact. 
7 = total angle of deflection ot'jet. (Fig. 125). 


Then the initial velocity of jet in direction^ _ 
of tangent at point of impact ^ j 

The, component, parallel to the tangen? at dis- ^ 
charge, of final velocity relative to bucket j 


Vj.COS ii. 

= cos 7. 


Absolute velocity in this direction at discharge -■= u t cos 7. 


Change of tangential momentum per second, per pound 



iVj cos a — u 


2V r cos 7}. 



The loss due to friction and eddies in the buckets = ^ ft. lb. 

per pound, where + u- — zV cos a. 

V ^ 

The loss due to rejection of kinetic energy in the discharg' -= ^ ft. lb. 

per pound, whcne I- cos y. 

Tests show that in an average wheel may be as low as from -6 to 
•7 ]7;,. In a,well-dcsigned bucket, however, having a ratio of bucket width 
to jet diameter not less than about 3-3, this ratio approximates to -80 or 
even -85. If the angle of deflection were x8o°, and if the b«c'ifets were 
frictionless, the value of the peripheral speed of the wheel for maximiAn 
«fEciency would be Vj co^ a 2, or apptroximately Vj 2, •» since a is , 

small. When account is taken of the loss in the buckets and of the 
fact that y is less than i8o“, the best peripheral speed lies between 
•44 and -48 Vj, the higher ratio being possible with the mo«t efficient ' 
buckets. > J 

Taking a 10°, y -- 165°, u ^ •46V,. this makes 

— •553VJ, ..,7V ~ ■4.‘;3Vi, J,’nd the hydraulic ^efficiency becomes 88-6 
per cent, a value agreeing closely with the resulis of good ^nodern practice. 
In this case the loss in the bucket;, is jo-i per cent, and at discharge 1-3 
per cent. 
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Specific Speed . — As for a reaction turbine, the specific speed of a Felton 
wheel is givfn by 

N = 

H' . 

602/ * 

But N = , where D is the diameter of the pitch circle, 

ttD 

and P “ oo\^()Trd ^ 3^^^ where.rf is the diameter of the jet 

4 

= rizgny 

, 4 

= if the efficiency = *85. 

/. x/p 780^/11^. 

Also u ~ •46x/ 2^H (approx.). 

’ . Ty 60 X X 78 o^/H^ 


ttDH* 


= 55 ^ 

D * 


If D ; ^ 12, this makes the specific speed approximately 4*6. This 

is the highest value of the specific speed for a single-jet Pelton wheel for 
high efficiency, 'khus the maximum speed obtainable with a single jet for 
an output of say 2500 b.h.p. under a head of ()00 ft. would be given by 

‘ , x/Nzcoo 

4-^ / X ’ 

(900)' 

from which N ^ -- 45=; r.p.m* 

V 2500 

With two jets, or two wheels each with a single jet, the maximum value w ith 
the same ratio of D ; d becomes approximately 6-5. . By reducing the 
ratio T> : d to 9, the specific speed, with a single jet, becomes approxi- 
mately^ 6*o. The full load efficiency of such a wheel is about 5 per cent 
less than that of a wheel wath a specific speed of 5*0, but in order to 
obtain this efficiency the buckets require to be very carefully designed. 

* 94. Speed Regulation of Pelton Wheels.- There arc three general 

methods Of regulating the speed of Pelton wheels. These are: * 

1. By deflecting the jet from the wheel by a deflecting nozzle or hood. 

2. By a combined needle regulator gnd pressure regulator. 

3. By* a combined needle regulator and' deflector, or deflecting nozzle. 

. In the first metfiod the jet is deflected wffiolly or partly from the wffieel 
by the action of a ^eh y pistoir operated* from the governor, or in small 
plants by the governor directly. The flow^ in the pipe line is independent 
of the load, no pressure surges are produced, and the method gives ex- 
cellent governing, it is; ho^^ver, , very w^asteful under a variable load, 
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and is only to be condoned where, as in some irrigation schemes, or in some 
installations on the higher reaches o*f a stream, the user is under an obliga- 
tion to discharge water at a minimum rate for users lower dowh the stream. 
The loss may be reduced by using the deflector in conjunction with a hand- 
regulated needle. This is set by hand at injiervals to givfe the maximum * 
discharge likely to be required during the next period, and any fluctuation 
of load up to this maximum is handled by the deflector. 

Jn*the older forms of deflecting ndzzle (fig. 121) the nozzle is connected 
to the .pipe line through a swivel joint packed by means^ of a leather ring, 
and is carried by the plunger rod of the relaytcylinder. The pressure 
below this plunger and hen^e its position are regulated by a pilot valve 
operated by the governor. In one modified type (fig. 125^/, in plate facing 
p. 170),'!' ^he nozzle casing is fixed. The*needlc, and a spherical dome 
in which is formed the jet orifice, are the only movable parts. 'Fhe dome 
is carried on trunnions which are rotated by the governor mechanism, and 
fits the concave surface of the nozzle casing. The needle is provided with 
a universal joint inside the casing, and its stem projects through a stuffing 
box and carries a hand wheel for auxiliary regulation. 

Fig. 120 shows a deflecting nozzle, in which the nozzle with the needle- 
regulating mechanism is mounted on a hollow trunnion through which the 
pressure water is conveyed, lliis is carried through a stuffing box which 
is easily kept tight. Instead of a deflecting nozzle, the jet may be deflected 
by means of a hood or deflector, fitted between the nozzle and the wiieel, 
and wfliose position is regu|ated by the governor (figs. 123 and 126). 'I’his 
is lighter, cheaper, and gives less trouble in maintenance than the dcjicctiiig 
nozzle. • 

In the second method of regulation, the position of me needle is regu- 
lated by the governor, while to prevent pressure surges accompanying a 
sudden reduction of load a pressure regulator (p. i(S4) is fitted. While, 
owing to the smaller volumes of water to be handled, the ji.essurc regulator 
is more suitable for Fell on wflieels than for reaction turbines, it suffers 
from the liability of the valve to stick, and from the difficulty of ensuring 
its synchronous action, and in most recent plants the third method of 
regulation lufs been used. • • 

Here both deflector and needle arc regulated* by the governor. 'I'he 
connection is so arranged as to allow of a rapid movement of ttie deflect^ir 
on a reduction of load, follo^ved by a slow^ movement of the needle closing 
tRe nozzle. When in its final position, the* deflector is tangential to the* 
reduced jet, ready for an immediate response to any fresh change of load. 
One arrangement of this kind is .showm in* fig. 126.;!; The needle carries . 
a slotted extension G, and is fofced.to the right by a ?>pring II, whose action 
3S re^irdcd by the action of thc*oil dashpot C. If the load is reduced 
the lever F is forced to the right by ih^ servo-motgr, deflecting tl>e*jet, 

* Pror. Imt Meth. January, it)io. 

t By cdlutcsy of Alcsi.Ts. Allijf t'halmcrs. Tad. 

3 By courtesy of Messrs. Th^ Engli'^T^ K^ecrrtc^Co., Jad , l.ondon. 
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while the needle follows slowly until the slot is again in contact v?ith the 
end of the Ipver F, with the needle fangential to the jet. On an increase 
in load the lever is forced to the left, and carries with it both*the needle 
and deflector .j The valves J in the dashpot plunger allow' free motion in 
this direction. ' * * 

Fig. 123c shows another method of obtaining the same result, as jy^plied 
to the units of the Arniberg Power Station. Here the governor has two 
flyball systems acting on two levers A and li, with fulcrums at E and F. 
The fulcjum E is carried by the bar G, wdiich has one end connected to the 
eccentric H, and the other to a rod J. The lever D 1 % connected to a dashpot 
K, and the levers C and D control the regulating valves L and M respec- 
tively. The valve M controls the piston of » the servo-motor R, wliich 
controls the. needle S. The valve L controls the piston N and the deflector 
P. For a slow change of speed, levers C and D move in unison. Tlie 
needle and the deflector are moved simultaneously, the proportions being 
so fixed that the deflector is brought finally into a position tangential to 
the jet. If the change of load is rapid, however, the dashpot prevents the 
free motion of the lever D. In consequence the deflector acts as before, 
but the action of the jet is much slower. When the size of the jet has been 
reduced to that corresponding to the reduced load, the deflector, through 
the agency of the rods 'P and J and the lever G with the eccentric H, is 
again brought tangential to the jet. The pipe line is 6850 ft. long, and 
varies in diameter from 18 to 24 in. Tests show that if 97 per cent of 
the full load is suddenly thijown on, the initial diminution of pressure is 
II per cent and the speed variation 17 per cent. When 97 per ce;it of 
the full load is suddenly thrown ofl*, the initial increo‘''e of •pressure is 
5 per cent and the speea variation 5*5 per cent. 

In the instaHation shown in fig. 120, a sudden reduction of load causes 
a rapid upward motion of the lever B, which raises the dashpot P' and allows 
pressure water in the chamber H to escape through the opening at L. 
This reduction in pressure enables the pressure water in the chamber K to 
raise the piston in this chamber, and to deflect the jet from the wheel. 
The weighted dashpot then gradually falls, shutting off the discharge from 
H, equalizing Aie pressures in H and K, and* bringing the nozzle l:jack to 
its original position. Meanwhile the governor relay remains in the same 
position, and by the return movement of the nozzle the position of the^ 
needle relative to the nozzle is gradually altered, reducing the discharge. 
In this installation, when the full load is suddenly thrown off, the maximum 
variation in pressure is 12 per cent, and in speed 9 per cent. In the case 
of a gradual change of load, the dashpot and nozzle do not move, and 
regulation is performed by movement of the needle alone. 

95 ., Runaway Speeds. — If, wlien load is thrown off the turbine, a' 
failure of the governing mechanism or jaipming of the gates causes •the 
latter to remain open, the speed will increase considerably, and the rotors 
of the turbine and, of the electric gejierators should be designed so as to 
be safe under the maximum runaway speedy whi^h.may be attained. 
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In af Pelton wheel installation, the maximum possible peripheral speed 
will be somewhat less than that of the jet, owing to mech'inical friction 
and windage, an4 as the normal speed is slightly less than one-half that of 
the jet, tSie runaway speed should be taken as twice the normal speed. 

With reaction wheels working under a constant head, and operating 
normally at the most efficient speed, .the runaway speed is between 55 and 
85 per cent above the normal speed. In a low-head turbine operating 
under a wide variation in the 'head, and designed for maximum efficiency 
under the average head, the runaway speed under the maximum head may 
be as much as three times the normal operating vSpeed. This depends 
essentially on the range of head and on the design of the turbine, and in 
such an installation the runaway possibilities should be carefully investi- 
gated, with reference to actual tests on a wffieel of similar design 

Several types of over-speed regulators are available. T'hese usually 
consist of a separate centrifugal governor operating an emergency control 
which, when coming into operation, shuts dowm the unit. 

96. Selection of Turbine. — The choice of the most suitable type ol 
turbine depends upon a number of factors, including the power, the head, 
the desired speed of rotation, and the specia’. circumstances of the plant. 

If the head is so large that its variations under varying conditions ot 
seasonal How can be neglected, the turbine can be considered from the 
view’' of constant head operation. Jf the head is low, the rise in level of 
the tail water in times of flood is usually much greater than that of the head 
water, and the percentage variation in head may become large. Under 
such conditions a turbine should be selected which will give satisfactory 
operation and reasonable efficiencies over the entire range of heads, and 
w’hich wnll give high efficiencies under the highest heads, which occur when 
the minimum quantity is available. Some of the recent high-speed runners 
arc extremely well adapted for such service. 

Where the load variations are likely to be large, and wliere the quantity 
ot water is limited, a turbine should be selected which w ill give its maximum 
efficiency under the average conditions of operation. 

Jt is usually necessary to select a turbine having a given speed and 
output in order to operate a generator for wliieh these characteristics are 
fixed. In such a case the turbine should be designed to give as nearly as 
possible the exact output required^ so as to work at approximately full 
load, and hence under the most economical conditions. It is advisable 
to split up tlie installation into as few^ units as the operating conditions 
permit. 

From a knowledge of the necessary vutput and speed, the characteristic 
speed is deduced from the expression.. 


N. 


Nv/p 

H ■ 


Having determined the characteristic speed, a type of turbine should be 
selected having a value of N,, not less than the desired value, and, for high 
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efficiency, not greatly different from this value. If the calculated value 
for a singJ-e turbine is greater than is attainable with the typ^ selected, the 
powder must be divided between two or more units, aintil the required 
conditions are satisfied. 

If, for example, an output of 20,000 h.p. bfc required at 150 r.p.m. under 
a head of 40 ft., the value of N, for a single wheel would be 21 j. As 
this is higher than is attainable with any ,of the types in general use, it 
would be necessary to install ippre than one unit. The following table 
shows the number of turbines or of runners which w-Duld be necessary, 
with the corresponding specific speeds: * 


Number of runners . . 

3 

4 

» 

•s 

6 

8 

10 

Specific speed 

122 

I of) 

91 

86 

75 

<>7 


In making the final selection it is to be remembered that the efficiency, 
especially at part loads, of a turbine having a high specific speed is not so 
high as that of one having a lower specific speed. Also that a high-speed 
turbine requires a more carefully designed, and generally a more expensive, 
setting than does a low'-spced turbine, so that it is necessary carefully to 
weigh llie relative advantages of a reduction in the number and first cost 
(»f tlic units, against the possibilities of a higher efficiency. 

Taking another case, ip which 10,000 h.p. is required under a head of 
600 ft. with a speed of 600 r.p.m., the value of for a single whecj would 
be 20. In this case either a single reaction turbine, u^’o ^turbines each 
having a specific speed of 20 ! si z 14- 1 could be used, or a battery 

of Pclton wdieels. Since die maximum specific speed of the Pelton wheel 


is about 5'0, the minimum number of wheels or of jets wouh be (^) “ ih* 


while if the spec^l of rotation could be reduced to 300 r.p.m., making the 


value of .\s for a single wheel equal to io*o, only - 4 wheels would 


be necessar/. In this case it would be a question of investigifting the 
relative advantages and costs of an installation of four Pelton wjieels, or 
of two double-jet Pelton wheels wu’tb generators designed for a speed -of 
jpo r.p.m., and of two reaction turbines at. 600 r.p.m. With.. water con-^ 
laining much grit in suspension the Peltoir wheel installation, on account 
of the case of renew^al of the buckets and nozzles, w ould probably be found 
to have the balance of advantages- 

'Phese examples arc probabl)^ •sufficient to illustrate the influence of 
the fictor of specific speed on the choice of the'most suitable type of turbine. 

The question as to whether^a verticaV or horizontal-shaft machine, or 
one having a single runner or two oi-morc runners, is'rnost, suitable depends 
largely on the sj^iccial circumstanc(;s of the installation, d'liesc questions 
arc discussed in some detail in -Chapter X." /Phe^ all-important factors 

%uL J, “ * * 
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guiding the decision should be the reliability, the accessibility, and the 
efficiency of J:he unit. In the average hydro-electric installation the cost 
of the turbine itself and of its setting forms such a very small proportion 
<of the total cost;, of the scheme, seldom exceeding 5 per cent Of the total, 
that no question of its cost sliould be allowed to weigh against the advan- 
tages of freedom from breakdown, case of repair, and efficiency of operation. 
It is to be remembered that aav increase in efficiency enables the capacity 
of the head works, the head race, and ihr, pipe line to be correspondingly 
reduced, and, with a limited quantity of water, enables just so much* more 
electrical energy to be developed and sold. Generally speaking, the saving 
in these respects far outweighs any additional costs incurred by installing 
the most efficient turbine which can be obtained. 


CHAPTER IX 
Speed Regulation 

Speed regulation; governors; pressure regulators; inertia of rotating 
parts; surge tanks; differential surge tanks; closed stand pipes; 
fluctuations of speed in practice. 

97. Speed Regulation.— For a hydraulic- turbine to be capable of 
close S}jeed regulation under a varying load, it is necessary that it be pro- 
vided with a reliable governor, that the inertia of the rotating parts be 
sufficiently great, and that the power conduit be so designed or so equipped 
that the rise or fall in pressure at the turbine, following any probable change 
of load, is only a small fraction of the working head. 

As regards the latter factor, the easiest plant to control is one in which 
the turbine is installed in an open forebay fed directly, from the supply 
canal. Here a demand for power is instantly met b} an increased flow into 
the turbine with the velocity corresponding to the working head, and in 
this case', and also when the turbine gates arc closed on a diminishing load, 
inertia efiec's are negligible. Both head and tail race should be of ample 
sii'.e, so that any fluctuation in flow may not cause an appreciable change 
in either level, while the app**oach channel sliould have easy curves and 
well-finished surfaces in order to reduce the possibility of any periodic 
wave formation. 

Wherever possible the use of a long pine line should be avoided, for 
it may be taken as generally true that ilif' difficulties of governing increase 
as the slope from open head water to tail water is diminished. 

Where it is necessarv to supply the trrbine through a pipe line, the 
force necessary 'to produce the required acceleration of the supply column 
on an increasing load, and its retardation on a diminishi.ig load, can only 
be obtained by a fall o** rise in pressure ai the turbine. If / ft. be the length 
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of the conduit, if and ft. per second are the velocities of flow required 
to give the initial and final steady loads, and if t sec. be the interval of time 
over which acceleration takes place, then, if the acceleriltion weiie uniform, 
the drop ii/ pressure at the tarbines below that obtaining.with steady flo\^^ 
would be given by ' • 

^ p 'a X ft. of water. 


Moro generally, if,( 5 z; be the change of velocity in time o;, we have 

* 

/ ov 


ot 


ft. 


Since, for a given percentage increase of load, r)?; is proportional to the 
mean velocity of flow, the corresponding drop in pressure will be pro- 
portional to this mean velocity, so that, other things being equal, the 
difficulty of governing increases with the working velocity adopted for the 
pipe line. 

With a long pipe line the magnitude of these inertia effects would be 
too great to permit of successful governing, and to reduce them some form 
of pressure-regulating device is necessary. The form which this should 
take depends to some extent on the type of installation. 

If the pipe line is steep, with a gradient exceeding about 45'’, a demand 
for energy on an increasing load receives a sufficiently rapid response, and 
speed regulation in this ^direction, with moderate velocities -of flow, is 
comparatively easy, d'he increase of pressure on a diminishi^ng load must, 
however, be guarded against by the provision of a suige tank, relief valve, 
or automatic pressure regulator. The relief valve (Art. 79) consists of an 
automatic vafve which is adjusted so as to open outwards when the pressure 
exceeds the normal by a few pounds per square inch 'J'he pressure 
regulator consivSts of a valve usually operated through the governing 
mechanism, aneV so arranged as to open immediately the speed of the 
turbine increases, and to close very gradually (Art. 99). 

If the he^d is not too great to allow it to be constructed at a reasonable 
cost, a surge tank affords the most satisfactory solution, since it also reduces 
the inertia eflects on an increasing load. Where the pipe lin# is dong and 
the gradient comparatively small, upsurge tank is essentia! for govern mg 
ihe turbine on an increasing load. If thediead is too great l^) permit ol* 
an open surge tank, a closed tank may be used. Without such a device 
it becomes impossible to obtain close speed, regulation of a reaction turbine, 
except by the provision of an abnormally heavy fly-wheel, and in*ein extreme 
case the only installation capable *of giving satisfactory opi^ration consists 
of a*Pelton wheel fitted with a deflector hood, or deflecting nozzle. dis- 
charging full bore at all loads •except a/ regulat(;d from time to time by 
hand. . * 

In the case iff a low-head plaM fed through a long tiloscd pipe line, • 
care should always be taken to dVisure ilr^t th?*drop in pressure accom- 
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panying tlie maximum acceleration poasible in practice is not so great as 
to reduce thj^ pressure appreciably below that of the atmospfhere. This 
condition often renders the use of a surge tank at the power house essential. 

From what has been said, it will appeal* that the surge Unk forms a 
most important feature of idany hydraulic installations, and that by its 
use many schemes of development become possible which would otherwise 
be impracticable. Its possibilhics are discussed in greatef detail in. Arts. 

102-6. f 

The characterit.tics of the turbine also have an important bearing on 
its speed regulation. Where the turbine efficiency falls off appreciably 
between three-quarters and full load, as may be the case, the difficulty of 
close regulation over this ranoc of loads is greatly increased, since an 
increase of load requires a greater additional supply of water than would 
be the case with a constant or an increasing efficiency. 

98. Governors.- The requirements of a successful governor are: 

1. Sensitiveness; i.e. it should alter the position of the turbine gates 
with as small an increase of speed as possible. W^ith a good hydraulic 
governor, a fluctuation of speed not exceeding 0-5 per cent is usually 
adequate to produce motion of the gates. 

2. Rapidity of action; i.e. it should be sufficiently powerful to move 
the gates rapidly. In general the quicker the response on an increasing 
load the better. On a falling load, however, a too rapid response tends to 
set up water-hammer, except in the case of a Pelton wheel with jet deflector 
or deflecting nozzle. No definite rule can be laid down for the best speed 
of operation. A greater speed is possible with a short penstock and low 
velocities of flow than with a longer penstock or higher velocities. In 
general a governor which will give the full range of gate opening within 
two or three seconds wdll satisfy all requirements; but, if necessary, the 
modern governor is capable of reducing this time to one second or even less. 

Ow'ing to the inertia and considerable frictional resistance of the turbine 
gates, the centrifugal governor is not sufficiently powerful in itself to give 
the required motion, and some form of relay becomes necessary. In the 
earlier turbines various types of mechanical relay were used, but wdiile for 
such purposes as driving textile machinery, where the changes of load are 
relatively srr-all, this type fulfils the requirements, it has proved inadequate 
tof'satisfy the more exacting requirem<ints of electric generation. For such 
..a purpose t^hc pressure-operated relay provides the only satisfactory solur- 
tion. Here the centrifugal governor operates a regulating valve which 
admits either oil or water under pressure to one side or other of a piston 
in a relay .cylinder, this piston being coimected to and operating the gate 
mechanism. The governor is usually lated in foot pounds, according to 
the work done per stroke of the servo-motor or relay cylinder, at a given 
supply pressure. The pperating; fluid may consist either of water or of 
oil. If water, multi-stage centrifugal '*pumps may be used for producing 
the pressure; if oil, plunger pumps or»> gear-wheel pumpi, are used. The 
pumps deliver into a pibssure tank provided with a large air chamber. 
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which enables the draft on the pressure supply during the sh^rt periods 
of gate motion to be made at a greater rate than that of thq pump supply. 
Owing to the possibility of sticking due to grit in the water and to corrosion, 
the water-pressure governor has been generally displaced, exa:ept in the 
largest systems, by the oil-pressure governor,. In the cast? of a large systerfl 
the use of water, with the addition of soluble oil or glycerine, has 
some advantages in cheapness and because it enables the more convenient 
forrrl of high-speed centrifugal pi/mp to*be used. In a large station, a 
central supply system with moUfr-driven pumps may be used, each turbine 
having its own pressure tank close to its relay ^;ylindef or servo-motor, in 
order to reduce inertia effects. While this is less 
costly than an independent direct-driven pump 
for each turbine, it has the disadvanta^ that 
any failure of the supply may involve shutting 
dowm the whole of the units involved. 

In units of small and medium size, the gover- 
nor control mechanism, the servo-motor, and 
the oil pump are usually incorporated. In 
modern large units the servo-motor is often in- 
corporated in the design of the turbine. The 
governor and its control mechanism form a 
separate unit, and arc located in the most con- 
venient situation, which may be some distance 
from the turbine. By having an emergency pi|)e 
connection between adjacent sets, and designing 
each main oil-pressure set of sufficient capacity 
to operate two main units, the danger of failure 
is greatly reduced, and this system appears to 
afford a satisfactory solution of the problem. 

Fig. 127* shows a typical regulating valve 
for the oil-pressure system. Here the governor 
operates the small pilot valve P, which, when 
raised or lowered from its central position, relieves the (jil pressure at 
the top ot* bottom of the balanced relay valve V, and by raising or 
lowering the latter admits pressure oil to one side or other of the piston 
of the servo-motor. For smaller units the relay valve ma^ be operated 
directly from the governor. 

3. Stability; i.e. the governor should *l)ring the gates to^their proper- 
position with as little hunting or as tew oscillations as possible about this 
position. To ensure this, some form of relay return or compensatinp; 
device is usually necessary. * Tbf reason for thij^ wall be evident if it be 
coi;sidered that, as the speed falls, the gates arc opened and the supply 
column is accelerated, this action persisting until the supply of per 

unit time is equal to the demand. . But the accck*ra^on of the water column 
goes on for an appreciable time after the gate opening has ceased, and in 
* Bergstrom, Broc. Inst^Mechn TT., 1920. 
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consevjuencc the supply hccomcs^too great for the requirements of the 
wheel, the speed increarcs', and the\gove|;nor commences to close the gates. 
'J’his checks the motion of the supply column, and in virtue of its inertia 
produces an increased pressure at^the valve, and a temporarily increased 
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velocity of flow through the gates. The speed of the^wheel thus, increases 
still further, and the gates are closed until an instantaneous balance is again 
set up between supply and demand. As the inertia prcs«ire falls, the 
supply now becomes less than the demand, the speed falls, the gates com- 
mence to reopen, and the state of hunting which is here ©utlined may not* 
die out for some considerable time. To preventT hunting, it is necessary 
that the governor should cause th^ gates to overrun their finar position 
slightly, and to bring them back slowly to tkeir final position, corresponding 
to the altered load. This 1 alter 9 ^)pcrati on is performed by means of some 
form of compen'feating 
device. 

Fig. 128 shows dia- 
grammatical ly one such 
typical arrangement,"*' 
where A represents the 
oil pump, B the pres- 
sure-oil receiver, C the 
servo-motor, D the dis- 
tributing valve, and F 
the compensating de- 
vice. 'Fhe governor is 
so adjusted that at nor- 
mal speed the sleeve L 
and the distributing 
valve are in their central 
positions as shown. An 
increase in speed lifts 
the valve abyut Z as a 
fulcrum, forcing the 
sei*vo-motor piston to 
the right and closing 
the gates. 'Fhis •motion 
lowers the points F and Z, bringing the distributing valve back to its 
central position and preventing any furlli^r motion of the justj^n of the 
servo-motor. The distance between 1 ' and Z can be altered by hand so 
as to enable the speed to be varied slightly while running if •required. 
In this arrangement each position \)f the guide vanes corresponds to a 
definite speed of rotation. In order to obtain a sensibly constant speed 
at all loads, a spring-loaded oil dashpot AT is introduced between the 
points F and Z. On any rapid^ motion gf the gates following a sudden 
change of load, this dashpot acts as a rigid connection and the^ controlling 
springs PP are extended or compfessed. Under the action of thest springs, 
the ciashpot cylinder is gradually brought back to its central positing in its 
guides, while its piston remaiii* 5 i stationary. 'Phi^ lyings the point Z back 
to its central position. The accompanying motion of the'distributing valve 

* Mcssis. The En^^lish F^Jcctnc Co., Ltd. • 
n* « • • 
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causes thf speed either to increase or diminish slightly until L attains its 
central position corresponding to constant turbine speed. 

Similar devices, as applied to Pelton wheel installations, liave already 
been illustrated in'figs. 120 and 123, and fig. 129 shows diagrammatically 
•the mechanism 'adopted for ^he governing of the Lac Fully installation. 
Fig. 130* shows an Arrangement of oil-pressure governor in connection 

with a IJrancis turbine, 
while fig. 13 1 1 shows the 
governor used in connec- 
tion with, and shown 
diagrammatically in the 
sketch relating to the in- 
stallation of fig. ^128. In 
all modern governors 
hand -wheel operation is 
installed for starting up 
the turbine, and for 
emergency use in case 
of a breakdown to the 
governor. 

99. Pressure Regu- 
lators .—In high-head 
plants where the pipe 
line is long and circum- 
stances do not permit of 
the provision of a surge 
tank, the governor may 
he operated in conjunc- 
tion vith a pressure 
regulator or relief valve 
arranged so as to open 
and disciiarge water into 
the tail race as the tur- 
bine gates «jlose. One 
such regulator as applied 
^ ^ ^ to a Francis turbine is 

shown diagrammatically in fig. 132. A rapid 9losurc of the gates lifts the 
weighted dashpot A, and along with it the relief valve. I'he valve thei? 
gradually closes under the action of'this weight, the time of closure being 
.regulated by the amount of opening of •the needle valve, which controls 
the rate of flow of thd oil from one side to the other of the piston B. 

' Eig. 133 J shows the relief valve used on the 20,000 h.p. uni^s of 
the Shawenegan Water and Pow^r Co. Here penstocks 600 ft. long and 

* By courtesy of INTossrs. Ciilbert CUlkcs he Co., Kencljl. • 

I t By courtesy of Messrs. The English F)lQctric Co., Lid. « 

Depaitment of the lntrn«*r, Otti^wa: Wa*er Resources, Papei No. ly, 1916. 




. J 

a 


rc - - 

m 


SUPPLY PIPE 

p 



1 


RELIEF VALVE 


i is- 









SPEED REGULATION 

Ein'c Skatt Ckank aiim> 


^GaTE StfKfT 



i 

■ -Yori ]CnHNtCTlN6 

1 Piston with \ 

L Vavvc Stim > 

] 

I 




liijii 



* V 





I a 3 4 


&CAI.E OP FtET 

I'lR I3J.-— r<clicl Valve foi 20.000 h p units of Shawenc^an Water and Power l c 


'« ’'4 


14 ft. in diameter, with a normal velocity of 8*5 ft. [Jer sf^^ond under 145 
ft. head, supply ^ich turbine. Each penstock divides into two branches, 
one for each of the wheel cases of die turbines* h^* relief valve is set in 



i86 HYDRO-ELECTRIC ENGINEERING 

the notch between the branches, and discharges into the draft tube. The 
operating gate shaft is connected to the feli^f-valve dashpot, an<^ tjie dashpot 
piston to the^ relief-valve spindle by yokes and trunnions. The dashpot is 
^oil-filled knd its ends are interconnected Ijy two bypasses pred in the 
casting, one bypass containing a needle valve and the other a spring check 
valve operating in only one direction. ^ When the turbine gates are closing, 
the rlashpot is raised by the gate shaft lever. Should the speed of this 
movement he such that the oif underneath the dashpot piston will bypass 
through the needl^e valve to the other si^e of the piston without byilding 
up sufficient pressure to Overcome the w’eight of the relief valve, this valve 
remains closed, wjiile if the movement occurs at such a rate that the pressure 
is sufficient to overcome the Tf.eight of the relief valve, the valve is opened, 
and closes again graduallv bv rt*turn flow' of the oil through the check valve. 

In a large unit the me- 
chanical operation of a large 
relief valve necessitates a 
very powerful servo-motor. 
To obviate this the type of 
regulator showm in fig. 134 
as applied to a twin Pelton 
wheel is used. Here the 
lever L is connected to the 
piston rods of the two relay 
c^vlinders, and carries the 
dashpot rod A. The dash- 
pot C is w eighted and carries 
the needle valve V,. '^hhe 
relief valve V ic slightly over- 
balanced hydraulically so as 
to remain closed under nor- 
mal conditions, and pressure 
water supplied through the 
small pipe P keeps it closed as long as the valve V, is closed. If this 
valve is opened, however, by a sudden upward motion of D, the pressure 
above the main valve is reduced, and the valve opens, afterwards closing 
gradually as the dashpot falls by its own w'eight. d'hc valve V.^ permits 
of a sudden depression of L without unduly , straining the dashpot rod A. 

Eig- 135 * show's another type of pressure regulator in wdiich tfie 
operating force is provided by the pressure of the supply water. The 
lever A is coupled to the gate mechanism, and a closure of the gates 
moves this lever from right to left. /Phis lowers the dashpot P, and, if 
the motion is sufficiently rapid, carries dowm the dashpot piston, lo\vering 
tne end C of the lever I^, and opening the pilot valve I). This allows 
pressure water. to esvape from tne chamber E, the pressure on the relief 
valve E overcomes the npw'ard pressure on the balance, piston G, and the 
* Thr Wdl.iian Scnv"r IMrir^^an (\). 
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valve opens. The pilot valve is then slowly closed by the action of the 
weight H agtipg against the resistance of the dashpot, and thc^ pressure in 
chamber E gradually increases and closes the relief valve. • 


The capacity of a pressure Regulator should be between 50 and 75 per 
cent of the maximum turbine discharge, depending on the* type of plant 
and the conditions of operation. 

From the nature of the case the pressure regulator is mucli better 


adapted for use under high heads 
and with small volumes of water 
than where the volumes to be 
handled are large, 

100. Effect of Gates and 
Governor Connections . — - 
Whatever the type of plant, a 
well-designed system of gates 
and gate connections is essential 
for close speed regulation, in 
all connections, simplicity, 
directness, and freedom from 
backlash are essential. 'I'he 
gates themselves should be as 
light, well-balanced, and fric- 
tionless as possible. 

In enclosed P>ancis tur- 
bines fitted with wicket gates, 
the guide spindles are passed 
through stuffing boxes in the 
turbine casing,* and the whole 
governing mechanism, with the 
exception of the gates and their 
pivot bearings, is repnoved from 
the action of the water. In 
turbines in open settings, the 
wicket gates, tv-hen fitted, arc 
rotated either by *means of an 
annular gear wheel which 



ge^rs W'ith pinions mounted on ' t«‘;vrru«)r-npt^ra«cd I'ui'.ure Rer-il.nor 

the guide spindles, and which 


is rotated by means of a link coupled to an eccentric which receives 
its own motion frt)m the rclav mechanism - ()r a series of links mounted 
on the guide spindles are connected #bv levers to a central ring, which is^ 
rotated, by means of the relay. In either case the gearing is submerged, 
and while accurate speed regulation is possible will/* either (Resign, tlie 
submerged gcarinj^ needs to be designed on more j?ubstj;iilial lines to 
compensate for its#inaccessibility fog examination 

101. Effects of Inertia of RMatinji* During anv sudden 
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change ^of load, there is a certain short period, whose duration depends 
on the design of the installation and on, the sensitiveness ap4 rapidity of 
action of the governor, during which the supply of energy to the turbine 
is great A- or less than the demand, and in, order to prevent the temporary 
fluctuation in speed , during this period becoming excessive, some ap- 
preciable fly-wheel effect is necessary. This should be sufficient for the 
difference in the kinetic energy of the rotating parts, at the highest and 
lowest permissible speeds, to be equal to the maximum excess ol* defect 
of energy supply and demand during tlie period of changing load. 

If the governor tak<?s t seconds to complete the gate movement corre- 
sponding to a given change of load, and if the variation of head at the 
turbine during this periodtand the law of gate closure be known, the 
difference between the energy developed by the turbine and that absorbed 
at the turbine shaft during this period can be calculated. If this energy 
be represented by E, and if N be the mean speed and oN the fluctuation 
in speed in revolutions per minute, it may be shown that 

f)N qoo^^E 2940E 
N ' IN- * 


I'or example, in the case of a turbine developing 5000 h.p. at 250 r.p.m., 
if 50 per cent load be thrown oft' instantaneously, and if the governor is 
capable of giving the required gate motion in 2 sec., the average horse- 
power generated by the turbine during this period, if the rate of change 
ofinputfollowsastraight-linolaw, wilIbe(50o') I 2500) ; 2 = 375^ h.p. 
'rhe'’output is 2500 h.p., so that E is the energy equivalent to 1250 h.p. 
for 2 sec., "^(;r 1250 X 550 x 2 - 1,370,000 ft. lb. If under tliesc con- 

ditions tlie increase in speed is not to exceed 5 per cent, so that oN ; N - 
•05, tlie necessary moment of inertia, I, of the rotating parts is equal to 


2940 x_ 1 ,370^^000 
(>2,500 X -05 


1,290,000 ft. lb. units. 


Where no surge tank is fitted, or where any long length of pipe line is 
fitted j^etween the surge tank ^md the turbines, it becomes necessary, in order 
to obtain an accurate estimate of the size of fl\-vvheec necessary to give 
^govcrfiing within definite limits, to determine the pressure at each instant 
during the change of load, at the turbine gates or turbine nozzle. While 
this requires a somewhat tedious mathematical investigation, it may* be 
done when the law of closure or of opening of the gates or nozzle is known. 

102 . The Surge Tank. — T he surge tank or st^ind pipe consists 
essentially of a vertical open pipe whos? lower end is connected to the 
penstock as near to the turbines as possible, and whose upper end is above 
lKe» surface-level iq the supply reservoir (fig. 136 A). Any closure of the 
turbine gates is them accompt.nied by 'a flow up the stand pipe. The 


* I'or ihi^ invL*i>li^Mtion the reiidtM is rt‘tw.rrccJ to Hydraulics, C»*.bson (Constable Sc Co. 
1912), pp 2ZZ-42. ' ' » 
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resultant retardation of the supply column and the rise in pressure, with 
a surge tank of adequate size, is greatly reduced. ^ 

The surge tank is, however, of greatest service on an increasing load, 
where, owing^to the necessity for accelerating the supply column, 'the drop 
in pressure at the turbines would be excessive.* In such a case any sudden 




demand at the turbines is met .by 'the flow* down the surge tank, with a 
consequent reduction in the necess^^y acceleration in the penstock. 

Where the head is so great as to render an open stand pipe impracticable, 
a closed stand pipe may be installed as shpwn in fi^.*i36]h ^^\)mprcssed 
air is now supplied to the upper part' of the tank by a 'smnilr compressor of 
sufficient capacity €0 make up any leakage or absorption of air by the water. 


Where there 


; is high ground ay*some distant^; »frorn the power house, 
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an opep stand pipe may be installed there (fig. 136 C), and if the length of 
closed pensrt)ck between this and the turbines is too great f jr good regu- 
lation, a small auxiliary closed stand pipe may be installed adjacent to the 
turbines. ' / 

In the following in'^estigdtion of the simple surge tank, let: 

L - - length of supply pipe line from forebay to surge tank; 

\{ ratio of sectional area of surge tank and main; 
c friction coefficient, so that friction loss in pipe line under 
velocity V rV-; 

\\ - velocity in pipe line under steady flow before change of load; 
Vo - velocity in pip>; line under steady flow" after change of load; 

V - velocity in pipeline at any instant during unsteady period; 

\’' — velocity in pipe between stand pipe and turbines at any 
instant during unsteady period; 

y ^ Iieight of water in stand pipe at^any instant, above the level 
corresponding to steady flow with velocity Vj (fig. 137). 



0 


I n7 


Then at an instant / sec. after a given change of load, the head available for 
producing retardationi in the pipe line is • 




1 


I 
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Also, since the quantity of water entering the turbines equals the .volume 
flowing down the pipe line, less that entering the tank, 


> 


R$ = 
(it 


V - V'. 


u) 


Multiplying (i) and (2) gives 

[y - - V 2 )J dy > (V - \')d\.. . 

0 

fy^y ■ 

At the point of maximum surge V' V^, arid (4) becomes 



or y 


m 


L r '2 fy"^ 

-vyvH-.j^ (Vr vv>s.. 

r f 

,;(V. - VJ-' i 2( (\y^-V^)dy 

J o 


( 3 ) 


U) 


(5) 

(f>) 


The last term cannot be integrated mathematically unless is known in 
terms of y. Since V is unknown, some approximate method is necessary 
to obtain a solution. Denoting the variable c(V,- - V^) by it appears 
that when y is small, xr increases slowly and dz is less than dy. As y 
approaches its maximum, z increases more rapidly thany, and dz becomes 
greater than dy. In view ol*this, R. J. Johnson * assumes that a.sulTicj[ently 
close approximation is attained b} putting dz - dy an leverage over 
the whole summation, so that 



leading to theJPinal expression 

L 


J.. 


eR 


(V, - r^Vr - (7) , 


"I'ftis expression bolds for both acceleration and retardation. 

Neglecting friction and any governor action, the motion in the tank 
would be simple harmonic, with a ♦inie 'T of'completc oscillation, givi n by 


» • /Kb 

zw\i sec.^ 


* ■» / L • . * , * 

whil^y„,a,. would be equtil to ± \ i ' 

Tram. Am. Sac. C. E., VWI. I,XjA III (1915^. Py lOoS, p. 44^. ^ 


(S) ' 

• ' 
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Taking 'iriction into account, the time of oscillation is increased. Johnson 
finds that thi expression - • - 

T ---- -I c=R 2 (Vi + sec (10) 

gives a very close approximation to the actual time required to reach the 
first crest or trough of the wave. 

After the first surge the oscillation is? gradually damped out by the pipe 
friction, except where a/Tected by the action of the governor (Art. 103). 
If the governor operates so as to close the gates during the upward surge, 
and to reopen them on the downward surge, keeping in step with the 
natural oscillation in the tanki, the oscillations, instead of dying out, may, 
with a tank of comparatively small cross-sectional area, increase with time, 
in which case successful operation is impossible. 

In deducing expression (7), it is assumed that the velocity of flow to 
the turbines at the instant of maximum surge is the same as V.^, the velocity 
of flow" under steady flow when conditions have settled down after the 
change. Owing to the fact that the head at the turbines is not the same 
at the tw"o instants, this will not, in general, he the case. Apart from this, 
expression (7), depending as it does on an approximation to the effect of 
friction, may be appreciably in error if the friction loss is relatively high. 
Thus, wdiile the expression is very useful in making preliminary investiga- 
tions, it should not be used for the determination of final designs. For 
such a purpose the method of arithmetical integration should be used, 
'riiis method, while somewhat tedious, enables the effect of any known 
and variable factor to be taken into account. 

Arithmetical hilcf^ration and Solution of Stand Pipe Suroc. — Suppose 
the initial velocity to be and suppose a sudden alteration in the demand 
to which is to be constant after the initial change. Jf Vo be less than 

the water wall rise in the surge tank. 

After a small interval of time, o 7 , let the velocity up the stand pipe be 
7 \. Then the mean upward velocity during this ]>criod will he very approxi- 
mately 7’,/2, and the height above that obtaining before the change will 
be 7\Stl2 at the end of the period. At this instant the velocity in the main 
pipe line wrll he V.^ » where R is the ratio of stand pipe area to pipe 

area, so that the mean acceleration dV jdt in the main during this period will 
be equal to ' * 

I V, - -(V, !- r,R)\ 

8 ^. r 

A^t the middle of the interval the height y; will be and the velocity in 

the main will be Vo ■ ^yR/-, that the mean head available for producing 
retardation 'Is r ‘ ^ * 

8/ - f [V,"-. (V. i 

4 . 

' • ■ , I 


, / r 



I 
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and, equation (i), p. 190, becomes 

jVi— (V.J ! w,R)| L 2 _ ©,Ry-*j 

I St ^ \ “ 2 /•/ 4^ 

from which* by substituting the known valuer; of V,, V2, and S/, may be^ 
obtained. 

Now laking'a second period Sf, and calling velocity up the stand 

pipe at the end of this period, the meaif velocity during the period is 
(r?, p V2) i 2, anjl the height at*thc middle of the period will be equal to 

■ '•> s,. ■ 

-t , 

At this instant the velocity in the main is V., ^ , antrtiince 

(?’, - v) ^ 

during the period is ^ ^ have: — 

("■ s'; '■) “f’ ' '!''■= - ‘ ('■' : 

f 

^ ^ . . / 7’, |- 7’,A ^ 

This gives 7.’., and since r., =- •- \ "jS/, it also gives y\,. 

Similarly at the end of a third period, we have the equation 
.7., , -V,. (V.. i i .-3.., i 

^ St 'f ^ “ 2^1“ 4 

giving 7^3, and so on. * • 

If, foi example, L - 500 ft., R 8 0, r ~ 03, - 4-77 f.s., 

7’2 - 1 '94 f-S., and if an interval St ot 5 sec, he adopted, we have, at end 

of period (1): 

(4-77 — 1*04 - 87 ’i) 5CO ,1 . 

: •03I22-75 -- (i-94 ! 47'j)“ - 

5 32-2 

\\1iich reduces to 7 ,- 1 55-47'i 19*5 o, 

giving 7’, “ *352 f.s. 

* • Vj *352 >: 2*5 •c-88ft. 

• and V 1*94 ! (<S x *352) . 4‘78h f.s. 

At end of period (2): • * 

• (‘352 — ? 2) .'>00 X 8* I ^ 

5 X 32-2 

• o-SS.i 

• ^ ^ 4 

reducing to 7 \r !• 56*1 - 16/2 - o, 

giving 7’o 289 f.s. 


•03122-75 -- (*-94 1 4! -352 h 


and V 1 -94^-1 (8 X *289) 4-26 f.s: 
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Proceeding from step to step in this way, such curves as fig. 138 are 
obtained' Ap upward surge of 4*2 ft.' is followed by a downw;ird surge 
of 2-8 ft. belcfvv the /original level in the surge tank, which would be followed 
by a smaller upward surge, and so on until ,the level settles down to that 
^obtaining under 'the new steady conditions. "J'he time to reach the crest 
of the first surge is approximately 20 sec. ^ 

Calculating the height of the first surge and the time to reach the 
maximum height by formulae (j) and (to) gives a licight of 3*98 ft. and 
a time of 17-7 sec. * ^ 

In investigating a surge-tank problem to fix the final design, the intervals 
of time should be taken more closely than in tjiis example. LTsually eight 
or ten intervals are advisable up to time of the first surge. 

103 . Effect of Governor Action on Surge. In the preceding 
example it was assumed that the velocity in the pipe leading from the 
surge tank junction to the turbines adopted a definite value after the change, 
and maintained this value during the succeeding changes of level in the 
surge tank. Actually, however, if the length of pipe between tank and 
turbines is small, the head at the turbines will vary sensibly as the level in 
the tank, and since the quantity of water required to maintain any definite 
load is, within narrow limits, inversely proportional to the head if the 
turbine efficiency is constant, it follows that if the governor is sufficiently 
sensitive, and if the surge period is fairly long, the velocity of flow in this 
pipe will not be constant, but will vary inversely as the head measured 
between the tail race and the level in the surge ^tank. This has the effect 
of incr/;asing the magnitude of the surge following any change ol load, 
and may, if the governor keeps in step with the surges, in some cases cause 
these to increase instead of diminish with time, in which case satisfactory 
operation is impossible. 

'rhe introduction of a mathematical term representing this effect into 
the equations of motion leads to an expression incapable of any simple 
solution. This effect can, however, readily be investigated by the method 
of arithmetical integration. 

In the last example, for instance, if the head measured from forebay 
level is 50 ft., the w^orking head measured from the level in vhe tank wall 
be 49*32 ft. before the change of load, and 49 89 ft. when the flow has 
sCi^tlcd dbwn^Yo 1-94 f.s. after the chai^ge. dlie power developed will then 
be 41 per cent of the initial output. ' Now suppose that the governor is 
capable of keeping the speed constant, and that, in consequence, the demanef 
at any instant is universely proportional to the head, instead of being 
;:onstant. The mean head during period* (i) is appro\imatcly 50*1 ft., the 
flow^ required to give the reduced output will he 

> 49-89 ; 50-1 ; 1-93 f.s. 

This value is so hear the assumed value of 1-94 that any alteration in 7’, 
or y, may be neglected ip this case. During period (2), the mean head 




IME IN SECONDS 
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as obtained from the curve is 51*5 ft., and the necessary value of Vg during 
this period is^ 

* 1*94 X 49-89 !- 51-5 1*88 f.s. 


^ Using this value instead of ^*94 in the calculations relating period (2) 
on p. 193 gives new va'lues of y.^ and sketching in the new curve 

it will he seen whether the assumed fncan head during th^ period is sufR- 
cienl:ly near the actual mean. ♦ If not, a second and closer approximation 
can readily he made. In this way the wli<)le of the cycle can he investigated, 
and the maxinuin^. fluctuation of level corresponding th any given change 
of load, both increasing and diminishing, can he obtained for a stand pipe 
of any given ared. , 

In practice the stand pipCtis to be designed to keep the fluctuation of 
level to within a certain percentage of the working head, under a given 
sudden diminution of load. While much depends upon the special require- 
ments of the plant, the total fluctuation in head should not in general 
exceed about 5 per cent under a sudden alteration of 20 per cent in the load. 
Jf possible without an undue expenditure in surge-tank construction, the 
percentage fluctuation in head should be reduced to one-half the above 
amount. Inserting appropriate values of L, and Vg in equation (7) 
gives a value of K, the ratio of stand-pipe area to conduit area, 'hhe actual 
value required will in general be somewhat greater than this calculated 
value, and a value 10 per cent in excess of this may be used as the basis of 
a more detailed examination by arithmetical integration. 

If this shows the fluctuation still to be too gil^at, a second approximation 
can usually jfe made which gives the required fluctuation within narrow- 
limits, remembering that wdien near the correct size the fluctuation is 
approximately proportional to 

104 . Closed Stand Pipe. — In the case of a closed stand pipe let / be 
the length of the tank above the original water-level (fig. 137^) and p the 
original air pressure in feet of water, 'rhen equation (i), p. 190, becomes: 


pi 

/ j 


y - <'(Vi^ 


n 

•while etiiiMtion (7) bcconics; 


V-) 


L JV 

1; at ' 

t/i 


Vur 


2pJ log 






(V, - V,)- + - V,) 2 . 


This expression liolds for both acceleration and retardation by giving 
^ the correct sign to y. *• • 

From the form of this expression it is Evident that a given volume of 
ah chamber is most effective when lhe*sectional area is as large and the 
Icng'th / as small as possible.^ 

In this case also t?he 'entire cyble of a surge may readily be investigated 
by arithmetical m^estigatiqn. 

The closed istand pipe cufferj; from' the disadvantage that an air com- 

t ' . 
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pressor requires to be installed to maintain the requisite volunje of air 
above the* ^Vate^ surface. Unless very carefully designed^ to suit the 
characteristics of the particular installation, sympathetic surges are apt to 
be set up, which render successful regulation impossible. . ^ 

105. The Differential Surge Tank. --With a view to preventing 
any augmented oscillations 
in the surge tank due to 
governor action or to syn- 
chronism of loads, R. L). 

Johnson * has suggested the 
use of the differential surge* 
tank. 

This consists of a simple 
stand pipe or riser freely 
connected to the conduit, 
and supplemented by a 
larger tank wliich surrounds 
the riser and communicates 
with it through one or more 
oj>emngs of restricted size 
near the bottom of the tank 
{fig. 136 D). The diameter 
of the riser is usually from 
•75 to 1-0 times that of tile 
conduit. 

Fig. T39 sliow's a Steel 
differential surge tank in- 
stalled at the plant of the 
Salmon River Power Co., 

Altmar, New York.f 'J'lns 
is supported b\* ten steel 
columns, raising the to]") of 
the tank i8,| ft. above the 
foundations. This tank is 
located on the top of a hill, 
and is connected to the lower 
^nd ol an 11 -ft. pipe line^ i'ik no - oar icriliai suirc ( siimon Uivor r.Avct C;) 
Q500 ft. long, l:)etw'een the 

dam and the ti^nk. 'Phis pipe lipe termiivites in a i2-ft. distributor pipe, 
from which four 8-ft. penstooks, 380 ft. long, conyey water to.the powef 
plant below. The entire pladt ts'designed for 40,000 h.p. ,A 12-ft. Jt-e 
on the distributor connects to the 12-ft. riser pipe of the surge tank# •The 
portion of the riser in the taAk is lorft. in diiwnt^er, and Cs carried by 
the w^alls of the tank. This pipe is enlarged to 10, ft!' 8 in. whore it 

• • * . , , . 

* Trans. American Sac. C. K., Vol. 7S ^11915), p-i^Go. Alsij Trans. Am S<fC. C. T., igoS. 

■f Engineering 16th JuJy, 1914, * i5#>. * 
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enters the 12-ft. riser, forming an annular. opening or port between the 
two risers. ^I^reezing in winter is prevented by the circulation* of hot air 
around the top of* the tank, from a heater at the foot of the riser. 

in the case. of a sudden change of load the level in thf riser alters 
quickly, allov\ing the federation or retardation in the conduit to take 
place more rapidly than with a simple* surge tank. The difference of level 
bet\^een the water in the riser gind the tank then causes a flow through the 
connecting ports, which gradually equalizes the levels. In the correctly 
designed tank theiarea of the tank and port are so arrtinged as to enable 
this to take place just as the velocity in the conduit attains its final steady 
value. * ^ 

it is evident that since thj^ initial pressure change at the turbines is 
greater than with the simple surge tank, extra Avork will be thrown on the 
governors, and the inertia of the rotating parts will require to be greater 
in order to maintain the same tcinj^orary fluctuation in speed. Actually, 
however, the modern governor is capable of dealing satisfactorily with such 
changes as may occur in any normal plant. 

In order to deduce mathematical expressions for tlie changes in level 
c.nd velocity wliich take place with such a surge tank, certain approximate 
assumptions require to be made. 

These are: 

1 . 'The area of the riser is considered to be so small that its variation 
in water-level takes place within an interval of time which is negligible 
compared \vith the time to produce complete acceleration of the water 
column in tli/^ conduit. 

2. The port area is assumed to vary in size, so that when a sudden 
change of level takes place in the riser, this water-level remains stationary 
at the new position, until complete acceleration is effected in the conduit. 

3. 'File inertia and friction in the riser and lank are neglectetl. 


While these assumptions are only approximate, expo ience shows that 
tlic results obtained by their use arc in very close agreement with experiment 
in any normal case. ^ ^ 

Adofuing the same notation as for the simple surge tank, with the 

following ad^litions: 

• «, 

A area of conduit, 

' F ^ area of tank in excess of area of riser, ^ * 

a area of port, assuming'unity as the coefficient of discharge. 


■ _ z. ; ' 

’• Vi initial sudden change uf lex^^l in riser (assumed instantan<;ous), 

• 

v.'c have, duling acceJera,*ion‘: 




^ fiV 

a * 


\ 3.'1 -- '(.V" V \V) 


.... (1) 
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from which, by integrating between the limits V, and V, we get fdV the time 
/, to attaiil ?j[\y given velocity V\ 







(Z - V,) (Z -I V) 
(Z I V,) (Z ^ V) 


(2) 




Multiplying both sides of (i) by AV*, we have 


a/™, 


AL I'v » \JY 

/ Jv,J. - '(V-^ 

ft 


Vr)’ 


which gives the volume flowing through the contluit in jime /. Since the 
volume entering the turbines during this jVriod is, by hypothesis, AVj, 
the volume taken from the tank will be • 


AVo/ 


AL p' \V/V 
^ jy^y r(V“ -V,-=) 


yF. 


Integrating and simplifying, and substituting for / from (2) gives 

V al , (Z - V.) (Z i- V) _ ,, Z^ - , , 

^ ' 2J,’( F I z (Z -1- V,) (Z -- V) Z- v= I 

giving the relationship between the water-level in the tank and the corre- 
sponding velocity in the conduit.^ 

,Vi if F is the current area, so that 


When Y - V^, v 
AL /Vp 


c " (/. I V,) <z - vj " V,>r 

The head producing flow through the ports at any instant is v. 

Calling this //^,, and substituting the value of V| and y from (4) and (3), gives 

, AL iV., , (z v)(z 1 V,) , /:- V- t 

' * 2 !icF {Z~]~\')(Z V.,) ^ Z“ - - v/r 


The necessriry flow through the ports is A.(V.j -- V) t.s., so that 

A(V,-V); 

(Y, V) v-^A 


and a — 


When V 


^ CF I Z (Z I- V) (Z - V;.; 

» • 

V], at the beginning of the cycle, • 
* A(V,-VJ. 


z^ - ^ 

Z^ - \./l 


(5) 


H6) 


•This treatment is that of Mr. Jf^hnson. 'I tans ^ Atti. Soc, i.,, h , \ol. TXXVIH* 


(1915k P- 770- 


• % 


I 
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while whfin V - V„ the expression becomes indeterminate, but approxi- 
mates to I 

" lAFy,, r(V,^-V,^) 

• ^ - nr j), - 

which is less than 

In practice a port of constant area cs used. If designed from equation 
(6) this will be somewhat too h^rge fop the best results, although the error 




would not, in general, be serious. Its best area is preferably fixed by 
trial, using the method of arithmetical integration as outlined for the simple 
surge tai?k. In every case, o\Ving to the approximations inadc in the 
mathematical analysis, the results should be checked, for the purpose of 
thv final design, by the arithmetical inothod. 

106. Retardation.— 1 lavipg designed the itank of ample diameter and^ 
depth for the greatest increase of load for which good regulatvon is required, 
it is necessary to fix its height in order that it may store all the water 
Qverflow’ing from the top of the riser on aVsudden shut-dovvil. 

^ The height r/, measured above forebaj' kvel, to which the riser and tank 
nu/st be carried for this purpose, is given by • 

^ * (J . - - rV.!'. 

. .i . ^ 

,It should be borne in mind that a larger yalue of V., than that corresponding 
to the maximum steady load demand may ^ccur at the instant of shut-down, 
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whic}^ may happen to coincide {vith that of maximum conduit vclocky 
during the second quarter cycle following ,an iiH^rcase ol ^load. • The 
critical velocity producing a maximijjii risV- may b<5 shv^wn t^o be equal to 






and the extreme necessary value o^' d tof the worst possible conditions, to 
ecjual to' ’ « 

• * ** r ^ 


For proofs of thc'^c ex^rtHisions ^nd for ^ \ery detailed investigation of the whole 
problem,, Mr. Johnson’s cr Hcrf,'’'c khe Am.^Sor^ C. E. should be corsujtcd. 
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The curves of fig. 140, which, are taken from Mr. Johnson’s pap*e/, show, 
in a typicdl case, the difference’ between the behaviour of -J simple surge 
tank and a differential tank on an increasing load. 

The cun^s of figs. 141 and 142 show the effect of'a jJiffcre’ntial tank, 
respectively' on a complete shut-down, and* when the load is suddenly 
changed from 80 per cent to full load.* 'Phe tank, which is installed on 
No. 3 conduit of the Ontario Pow'cr Co., Njagara, is 60 ft. in diameter and 
()4 ft. high, and is connected to t^c conduit, which is J3’5 ft. diameter, by 
77 ft. bf pipe of the same diameter. The conduit is 688,? ft. long. 

Flucluaiiom of Speed hi Piaciiee. As already indicated, the most 
perfect governor is incapa’ftle of giving close speed «egulalion if the 
hydraulic conditions of the installation are essentially bad. With reasonably 
good hydraulic conditions, and without any special fl\ -wheel, a good modern 
governor will enable the speed of a reaction turbine to be maintained 
within about 

2-5 per cent for a 25 per cent load change, 

5 b 1 ' »* »» '1 

12 15 „ „ 100 „ 

These are the instantaneous fluctuations of speed. The final fluctuation 
in speed may in general be kept within 

1 per cent for a 25 per cent load change, 

2 „ „ 50 

4 V * .. 100 

* ■ 

In a Pclton wheel installation with a jet deflector and ;;ovc^nor-()pcrated 
needle the fluctuations of speed are j^reater on an increasing than on a 
diminishing load, owing to the necessity for the acceleration of the supply 
column on an increasing load. The following shows typ*;al values of the 
instantaneous fluctuation in speed in such an installation: 

12-15 per cent for a lOO per cent load change (load on). 

4 5 n 100 M (l<>ad oil). 

5# 7 M n 50 „ • n (load on).^ 

3 4* - n 50 - M (h>ad off).* 

3- 4 „ M -(load#)!!).* 

2- 3 „ „ 25 • „ „ (load off). 

• • • 

The final fluctuations arc sensibly the .same as in a reaction turbine. 


• Ktport of the H.-E. CoAimission 0/ Ontario, lyiti, Vol. J. 
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CHAPTER X 

' General Ai:rangcment; of Stations^. 

107. The preceding chapters havli given a general idea of the various 
components of the hydraulio portion of hydro-electric schemes. The 
object of this chapter is to discuss the ai5>propriate methods of developing 
the power availaWe by means of this equipment. It is impossible to lay 
down absolute rules, as the local conditions and variations in cost of labour 
and raw materials as well as of the machinery will always influence the 
scheme largely. 

It cannot be too strongly insisted upon that the development must 
be planned wath future possibilities always in mind. Experience has 
repeatedly shown that the demand for power has increased much more 
rapidly than anticipated, and original plans not permitting t)f full de- 
velopment have hampered extensions and injured the financial prospects 
very greatly. 

("hapter II outlines the methods of ascertaining the flow^ of water to 
be relied upon as the basis of the scheme. Optimism in this regard is 
to be deprecated, and the figure finally adopted should be very conserva- 
tive unless records extending over a long series of years arc available. 
At the same time the scheme must be so arranged that extra plant can 
be installed if and when the How is proved t(5 be greater than the basic 
figure. 

108. The head which can most conveniently be developed lias next 
to be settled, d'his is often determined l)y the physical conditions, but 
it the gradient is fairly uniform there may be a number of possible locations 
for both the intake and the power liouse, while the possibility of increasing 
the head by increasing the height of the dam also requires careful con- 
sideration. 'The only criterion is that of cost as compared w ith the amount 
of jiower which can be developed and sold, and no general rules can be 
formulated. A sufficient head^must be created to give the powxr required 
with the quantity of water available, and a wide margin t(' allow^ for future 
develo|vnent in d'^auand is highly desirable. For low-head schemes this 
necessity of creating a sufficient headimay be the deciding factor in settling 
■the height of the dam. For- high-head schemes the question beconia. 
one of storage or of raising the water to a sufficient level for it to be 
drawn off conveniently. The possible sites for the dam have to be 
examined with these objects in view'. 

109. h'rom the dam the water is con'^eyed in a channel or pipe line of 
one the types described in C’hapter VTI. For low-head schemes, owing 
to the large' volume or v^ater, an. open car.al is usually necessary, but it is 
subject to the disadvantage that if tKe level of the head water may vary 
appreciably from time to time, the canal must have a sufficient depth to 
enable the full head tc;' be utilized, and at*thc same time to give an adequate 
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water w'ay when the water is at its lowest level. A further disadvantage is 
that open canals usually entaM higher maintenance and protection costs, 
as debris may be washed into them from the slopes above% 

If a low-pressure pipe is vised there is much more J’rcedom^of choice 
as to its iQUiation. For schemes with ston\ge, the advantages of, using# 
closed pipes instead of canals are even more prohounced. Open canals 
must be located at levels corresponding with the lowest level to which the 
storage reservoir is to be drawn dov^n, and# this usually entails the loSs of 
any extra head above this level a'» times of high water. In such cases the 
head gate controlling the flow into the canal nyisl be* adjusted so as to 
allow suflicient water to pass at all times, and a reduction in the demand 
for power will involve the wasting of the# excess watt^. If a canal is 
used, some subsidiary storage or pondage, should be arranged, if at all 
possible, at the head of the pipe lines to hold such excess water until it is 
required to meet a heavy demand. If this be done, the wastage can be 
considerably rcdiioed. If a low-pressure pipe is used, a surge tank or 
open forebay will probably be necessary for its protection against water- 
hammer action, while the variations in level, corresponding to similar 
variations in tho main reservoir, must be taken into account in determining 
the height of the W’alls in the forebay. 

It is desirable to keep any pressure pipe lines as short as possible. 
In the firr.t pla?e they usually form a very expensive item of the equip- 
ment, and a long pipe line involves difliculties owing to water-hammer 
action. As a rough rule it may be taken that the length of these pipes 
should not be more than*five or six times the efFective head, otherwise 
special devices will be necessary for dealing with the surj.jes. For this 
reason, whenever practicable, the water should be led to a point on the 
hillside immediately abo;e the power station before entering the high- 
pressure pipe line, and at this point there should be a subsidiary storage 
reservoir if the water ic brought by an ojH'n canal, or a surge tank if by a 
low'-pressure pipe. 

As already p?)int»d out in Chapter VII, the material, number, and 
diameter of the pipe lines can only be settled after trial calculations of the 
costs of the,»vanous alternatives. The question as to whether an inter- 
connecting pipc*is desirable depends on the value, of the additionSl degree 
of reliability obtained, compared with the additional cost* F^ir lar"e 
installations the tendency is towMixis keeping the turbine and its corre- 
iiponding pipe jine an isolated unit. * ^ 

110 . In connection with the pow'cr house itself, the number and type 
of turbines to Iv^ employed has fiyit to be decided. The broad principles 
arc that the units should be asf large as possible, anid at the same time thaf 
the capital locked up in the stan*d-by units should not be excessive. Remeift- 
beiing that the cost per kilowatt is reduced^ as the sizes of the tarbine 
and generator are increased, it*is olwiofts that fer Uie same *shaft horse- 
power in the wl^rking units it will often he advantagei)iis*’to instal fewer • 
and larger units, even though this* involves a Jarger unit ^standing idle as * 
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a spare. , Furthermore, the present tendency is towards still larger units, 
so that for the initial installation the size should be stretched to the utmost. 
In an indep^fident station of moderate size, three working 'units with a 
fourth as;5pare, or four working units with. a fifth as spare may be taken 
cas generally appropriate for, the completed station, even i^,this means 
putting in one unit lor tfie whole of the initial load with a second as stand-by. 

Where a number of stations are interconnected, feeding into a common 
transmission line, the number rf units may be reduced to two, or even one 
in each static^n. In this case, as the loati demand is reduced one or more 
stations arc cut oivt of service, while each station serves as a stand-by to 
the remainder. 

There are na'inrally olhcrrlimitations to be borne in mind. I'or low- 
head schemes the number of ij,nits may have to be increased considerably. 
In the case of the single-wheel vertical type of turbine, the difficulties of 
manufacturing and transporting wheels of very large diameter may be 
sufficient to determine the maximum practicable size, or it may be that 
the dam, which is in any case necessary, is long enough to accommodate 
the requisite number of small units, wTereas larger ones would entail 
widening the dam in order to provide the necessary foundation room 
and efficient settings 

For high-head schemes the quantity of water that may be conveyed in 
a single pipe is limited, since there is an economical limit to the diameter 
for a given head, and the unit may be restricted in capacity by this feature. 
The question of transport of the various parts has to he considered, and 
the generator rotor itself will often provide a linAt in this direction. Briefly, 
the largest pj)ssible units should be selected, but only after a complete 
and careful study of the controlling factors. 

The selection of the type of turbine has next to be made. The limita- 
tions imposed by the speed of the generator and by the specific speeds of 
the various types of turbine liave been discussed in Art. 95. 

l"or low’ heads, especially if the water is led to the power station in an 
open canal, open type turbines have the advantage of being simple and 
cheap. It must, how'cvcr, be remembered that the cost of excavation of 
the turbine pit and the necessary concrete must be set against the saving 
in cost ciuc to the omission of a turbine casing, and natuially as the head 
and therefore the /lepth of the turbine pit increases, this advantage tends 
to disappear. For small turbines tlA: economical limit in this direction 
r//ay be 25 ft., but for very large machines, say 15,000 h.p., it may be 
much as 70 ft. 

I'ig. 143 show’s what is probably ih^ simplest [)ossible, arrangement of 
h single-wheel vertical- unit. No governor is shown. Vor small powers 
th;^ drive nvay be transmitted to the geherator by a quarter-turn belt, and 
for larger powers by bevel gearing: or the generator may be arrange'd for 
direct couphng, with, an. overhead thrust ‘l)earing to carry the weight of 
the rotating parts and the hydraulic tlirust on the turbine runner. This 
type of setting has the disadvantage that the guide vane mechanisra is 
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submerged, and cannot be inspected or repaired without draining the 
wheel pits. ^ i • • 

Fig. 144 shows a simple open-setting arrangement of a l-'ingle-wheel 
horizontal shaft unit, with dirc^ct coupling. 



FiK 143 — Ar r.iri^i iiK-nl of \frtual Open 'I'liibiru* 


Vertical units offer many advantages over hyrizonyil ones, es^^ecialfy* if 
there are great variations in the tSil r^ce kVel. A horr/ontaj arrangement 
necessitates keeping the station floor above the hjgliest t^il-watjer lev^el or 
alternatively making the lower part, 6f the ^machine room watertight. 
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Again, with a given depth of. forebay, a greater depth of ijjimersion 
of the whbehmay be given with* a vertical shaft unit. Where jt is necessary 
to install a low-head turbine at a considerable dislancerfroin the reservoir, 
and at thejsarnc time at some height above tail-raccr level, the head oj 
water above the turbine is of necessity small, and a sudden increase in 
load may reduce the level to such an extent as to draw air into the wheel, 
destroying the vacuum in the draft tube ^nd stopping the turbine.* To 
prevent this a minimum depth of 3*5 to 4 ft. should be allowed above the 
turbine, and the fdrebay must be of ample area. ^The necessity for comply- 
ing with this condition, and at the same time for placing the station floor 
at a sufficiently high level,' may render th^ horizontal ^iiaft arrangement 
impossible, and may necessitate a vertical turbine with its shaft carried 
beyond the level of the highest floods. 

One disadvantage of the vertical shaft arrangement is that it docs not 
lend itself to the grouping of two or more runners on one shaft, since such 
an arrangement requires very complicated foundations, renders the parts 
inaccessible, and greatly increases the vertical height. Where a multiple- 
wheel unit is required the horizontal shaft arrangement is almost always 
adopted. In many of the earlier low-head installations, horizontal units 
were used with as many as four or even eight runners on the shaft. Owdng 
to the many disadvantages of this type of construction (Art. 91), and the 
fact that improved design has enabled much higher speeds of rotation to 
be obtained from a single wheel than were possible in the past, turbines 
having more tlian two ru.iriers are now seldom constructed. The double 
horizontal machine is still often installed, especially where the qliestion 
of space is not of great importance, and where the head (>f t'trater above the 
turbine is ample to prevent ingress of air. 

In such a turbine the bearing at one end of the shaft may be submerged. 
With clean water a lignum vitae bearing gives satisfactory service under 
such conditions, but if the water carries much sand or grit, submerged 
bearings arc vei^ unsatisfactory. In such a case the type of installation 
shown in fig. 145 gets over the difficulty. Here an inspection tunnel is 
provided for the back bearing. 

One drawbjjck to the use of the vertical single-wheel type -for small 
units is due to the fact that vertical shafts are unusual in ordinary electrical 
engineering practice, and that sma/l vertical generators are not standafd 
,and are correspondingly dear. Also iherjt is still a certain amount ^if 
distrust of ihriTst bearings, in spite of the fact tb.at they have proved tliem- 
selves cjuite reliable in practice, 'fhe former of these difhculties can be 
surmounted by* using a bevel gear in connection with a horizontal shaft 
generator. Incidentally this enabjes a higher rotational speed to be obtained 
and a smaller and cheaper generator to be usccl, and in some cases ejiaHles 
two or more turbines to be coypled to a, single genlTator. 

For large u^iits the generators have in any case to be specially designed, 
while the thru;.4 bearings w'hich have been developed, for these large 
machines have proved very raasonably rejiabb. ^ The foregoing dis- 

VOL. 1. ’ • . . % . 
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advantages thus disappear, and in view of the many advantages, modern 
practice has te^ided in the direction of single-wheel vertical units for both 
low and medium heads. ^ 

. In spite of this, the choice between a vertical and a horizontal unit is 
only to be made after a detailed examination of the particular scheme. 
Comparing a single- wheel vertical unit in a concrete scroll setting and a 
double-wheel horizontal turbine in an open pit, the single wheel will be 
larger and the setting more efficient, so that the hydraulic efficiency will 
be higher. This, however, is partly counterbalanced by the fact that 
since the speed of the single wheel is lower its generator will be larger, 
and, running at die lower speed, wall in general have a lower efficiency. 
In many cases the cost of the concrete moulded volute chamber is so 
great as appreciably to counterbalance the slight gain in efficiency, and 
there are some grounds for believing that this vertical arrangement, which 
has been so much used during the last few years, will not be adopted so 
frequently in the future, 'liiese remarks, of course, do not apply to cases 
where the variations in the waiter-level are large, for wffiich cases the 
vertical arrangement has special advantages. 

For heads greater than are suitable tor an open setting, the turbine 
must be enclosed in a casing and be supplied with pressure water through 
a pipe line. The point at which this becomes necessary depends to some 
extent on the size of unit and also on the topography of the site. Jf the 
ground slopes gradually for some distance above the power station, the 
cost of a canal of sufficient depth may be prohibitive, and a pipe line 
becomes necessary. Even in this case an open setting is sometimes used, 
with the pipe feeding a forebay whose walls are carried to a sufficiently 
high level, and wdiich acts as a surge chamber. With a very low head and 
a long canal, the danger of drawing air into the turbine when the load is 
increased, owing to an insufficient depth of submersion, may necessitate 
the Uirbine being cased, and fed from an open forebay through a short 
pipe line. 

The disadvantage inherent in the open setting for a vertical shaft 
turbine, due to the fact that the guide-vanc mechanism is submerged and 
cannot Lc inspected and repaired without draining the wheel pit, has 
led to the use of cased turbines in many recent important installations, 
even where the head is suitable for an open setting. In such a case the 
g”ide-vane ring is usually surrounded by a spiral volute chamber intO' 
which the pressure water is admitted' from the forebay, anu from which it 
is delivered with uniform velocity around the periphery of the guide ring. 
For heads up to about 8o ft. and for large units, modern practice favours 
the moulding of the volute chamber in the concrete of the substructure, 
reinforcement being added if necessary to provide sufficient strength. 

Fig. 146 show^s such a unit designed *0 give 8000 h.p. at 83 r.p.m. 
under a head of 40 ft. It will be noted that the power staHon is narrower 
than that of a horizontal shaft installation. 'Iffie foundations are reduced 
in bulk, but owing to th^ more expensive forms required, the cost of the 
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foundation is not necessarily less,^and may indeed be more thafi that for 
a horizontal ^haft unit. The power station is, however, nfo»c easily located 



if the space av^iilahle is limited, •and if the^ station lorms part of the* 
structure of a the advantage is^ob\foys\ • • , 
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Pis;. 1*47 shoAvs an example of a fairly recent plant installed at Olten 
Cosgen, Switzerland.* This unit gives 10,240 h.p. at 83*3 f-P*^- iii^der 
a head of SS^ft. The supporting of the generator on pillars so as to do 
away with an inteAnediale floor is noteworthy as reducing the cost of the 
foundations, and making the’ inoving parts more readily accessible from 
the inain.-floor level. 



r^or fiomcwliat higher heads a light" steel jflalc volute casing is provided, 
which is embedded in the concj«fte, lorn*.ing the mould around which it is 
poured, arfd making it 'vatertight. Such a design is shown in fig. 148. 
For still higher heads the eating may he ixicwle self-supporting as in fig. ^149. 
In many modern installations even for medium and high heads the volute 
casings have b\/‘n embedded in the concrete of the substructure. This 
gives a very stable 'support for the unit, and prevents all^vibration, while 

^ Ity courtew ,j)i Eschci^ Wyss, Sr Co., Zurich. 




haf I nit v-.ih Steel FLre Volute embedded m Concrete 




-Single Horizontal Turbine, with Water Inlet at end of Casing 
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the mass of the con- 
crete provides addi- 
tional safety against 
rupture of the casing 
due to Avatf^r-hammer 
shocks. 

• Vertical spiral 
units are being used 
iv' an increasing ex- 
tent for heads up to 
200 ft. The slight 
complication of the 
suspension bearing is 
outweighed by the 
simplification of the 
pipes, which come 
straight into the tur- 
bine without bends, 
and by the narrow- 
ing of the power sta- 
tion, which becomes 
cheaper and more 
compact. 

f'or small units the 
horizontal arrange- 
ment is more com- 
mon. For high heads 
spiral casings are 
general, but for 
moderate heads a cir- 
cular casing may be 
used. Fig. i5cf shows 
a single- wheel unit 
with its inlet at the 
end of the. casing. 
This is usually of 
steel plate except for 
small units, when it 
may be cheaper in 
cast iron. The piping 
arrangement makes a 
very simple and cheap 
design and, as com- 
.pared w^ith the piping 
for a spiral-uused tur- 
bine, elimin&tes at 



Fig 151 — Socjet^ Generale d'Entrepriscs Arrangement 01 Power House 
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least one bend. Enclosed turbines of this type give high efficiencies, ‘^and 
might be ^used with advantage in many pases where the dearer type with 
a spiral casing been chosen. The great disadvantage of thi 5 type is 
the immersed ^bearipg. If the water is not clean, the plain lignum vitae 
bearing cadnot be tsed. The bearing may, however, be ei^pased, and 
lubricated by a supply of clean water from a filter. Alternatively forced 
grease lubrication may^ be used, or oij-lubricated bearings designed for 
working under water. ^ • 

In some cases the inlet at *the end of the casing is not suitable, anjj a 
cylindrical casing is ^employed, with a radial inlet. This*gives an oppor- 
tunity of putting the wheel bearing outside the casing if desired. 

Double- wheeled, turbines are also frequently enclosed in steel plate 
cases. Fig. 151 shows such a unit having an axial inlet. Radial inlets 
^are also often used. The diffictilties and expetlients with regard to the 
internal bearing are exactly the same as for the single- wheeled type of 
machine. 

Spiral-cased reaction turbines may be used for very high heads, upwards 
of 750 ft. being now regarded as within their range for large units. If 
the water is not clean, the abrasion under such high heads is considerable, 
and it is better to install Pelton wdieels, in which wear is not so damaging 
to efficiency, and in which any worn parts can easily be replaced. 

Spiral turbines are very neat, and as the pipes are usually below floor 
level the stations have a very attractive appearance (figs. 152 and 153).* 
Moreover, the bearings are all accessible, the guide-vane mechanism open 
to inspection, and if necessary every guide-vane tpindle can be separately 
lubricated T/hcy thus appeal very much to tlie engineer, though in many 
cases their extrA.cost as compared wath enclosed turbines is not justified 
on this score, and as indicated above their efficiency is little, if any, 
higher. 

Fig. 154 shows a single-wheel machine with axis across the station. 
A very great simplification has been achieved by hanging the turbine 
wheel on the generator shaft, and cutting out all but tho two generator 
bearings. This is usually only possible when the generator itself has 
a considerable fly-wheel effect, so that no separate fly-wheel is necessary, 
though in some cases 11 lias been*achieved either by putting^ tlie fly-wheel 
on the opposite end of the generator shaft or between the rotor and one 
generator bearing, it will be noticed that a taper bend is needed to lead 
the w^atfr to the spiral casing from the ^ipc. 'This bend might be avoided 
by arranging the shaft at right angles to the pipe in the direction of the 
length of the station. Somewdiat the same result is obtained if a single 
supply pipe is used, by bringing *tt in at ^he end and placing the shafts 
aerhss the station, as shown in fig. 155. f. (S^e pocket at end of volume.) 

Dopble spifals as in fig. isOf are used to give a higher speed for medium 
heads. In mci;)Ly cases, c wing 'to the formation of the ground, the pipes 

f * Hv couitfs^' ()I Messrs. Pieeaid Piclc^l and of Alessrs. V'ickeis; Ltd. 

, ^ I liy 'courtesy of Messts. Boving & C(j., London. < 










Turbint formi 



-Arrangement of Double Spiral Turbine with Central Discharge 
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require to enter ^erhead, !ind the water is led into the cases by bends 
from at^ve. ^ * 

An alteraafive^is sometimes used, in which the two \vhe6Is are placed 
back to hack and combined in one, a sinj^le inlet and double discharge 
vbeing ^ecessary. *rhis,has tJie disadvantage that the bearing® are a con- 
sideraoY distance from the wheel, and the shrift has to be stiffened to raise 
its critical speed siiff^aently far abovj; the runaway speed of the turbine. 

i'lie most recent practices when double wlieels are required, is to 
hang a turbine w^heel on each end of tha generator sha^t, the turbine thus 
consisting of two^separa<e halves, only two bearings being required for 
the whole combination, as shown in iig. 157. Provided the necessary 
fly-wlibel effect can be put into the generator rotor, this forms the neatest 
possible arrangement. 

]'or still higher heads Pel ton wheels must be used. The selection of 
the number of wheels and number of jets per wheel has already been 
discussed in Chapter VIII. 

As for Francis turbines the vertical arrangement has been favoured 
for large units on the score of simplicity and reduction in width of the 
power station. Fig. 158 gives an idea of such an arrangement. Here to 
get a larger power two jets have been employed. In some cases three are 
used, but v\ith a greater number the loss of efficiency due to interference 
of the jets b<'conH*s too marked, 'dlie runner is bolted directly to the 
generator shaft, and no extra bearing is required. Obvious!) only one 
runner is practicable with such machines. For all but the largest units 
the hprizontal arrangement is adopted. 

The arrali'gement witliin the station is influenced by local features. 
Very often, in order to reduce the width of the station, the shafts are 
arranged in line in the length of the station. The angle of the pipe line 
also influences this. 

]'ig. 159 shows two Pelton wlu^ds ol the single-wheel single-jet ty[)e. 
It will be noticed that a flange coupling is used, and that part of the weight 
of the runner is supported by one ot the generator bearings, thus reducing 
the number of bearings to three. It will also be noted that the low^er 
portion of the concrete tail race is metal lined. 'Phis is a '^ery necessary 
precaution in the ease 9! a high-head installation, in which the deflected 
jpt may ^impinge with destructive effect on the bottom of this race. 

In fig. 1 60 are illustrated two smi\ll Pelton v\ heels, in which the wheels 
are Averhung so that, even thoVigh a fly-wheel has to be supported, only 
three bearings are required. 

When four jets are needed Ip piodui'c a satisfactory speed under given 
c.)nditionj>, two runners, are used e^ch having two jets. Poth runners can 
be placed at^ the same end the shaft as*in ffg. 1 61 Here the full number 
of foi/i bearings is used, but, it couljfJ be reduced to three by omitting the 
inside turbine bearing, j ^ ^ 

A neater^ afrangement .is obtained Ly putting one rimuer at each end 

* • courtwy ot ^ Co., London. 
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lilt Measuring Wefrs! — In order to be able to obtain a definite 
record** of thc^ performance of the hydrSulic units, and to detect any 
lowering ofrclficiency due to w^ear or leakage, it is very desirable to install 
a measuring weir as part of the initial lay-out of the plant. Fig. 163 shows 
f siich\an arrangement. Here two weirs are installed in thc^^aiLrace, one 
for each pair of turl^incs. • 

ThJ discussion above covers the^more usual arrangements of turbines 
of the present day, and tlfc*^general considerations governing the choke 
have been Indicated. Abnormal conditions may, liowever, necessitate 
altogether special' arrarfgcments, and each individual scheme must be 
considered carefully on its own merits. • 

ifi. Protection against Flooding.— Many cases of flooding, due 
to failure of the hydraulic eqajipment or excessive rise of tail water-level, 
have had an efl’ect on station design. In some high-head plants equipped 
with horizontal turbines, the electrical bay is isolated from the hydraulic 
bay by a w'all, and provision is made for venting the discharge, in the 
case of a rupture of a penstock inside the station, through the doors and 
window's. 

It is olten economically impossible to locate a pow'er house in such a 
position as to be absolutely safe against all possibilities of flood due to an 
abnormal rise in the tail water-level at infrequent intervals, and in some 
cases stop log seats are provided at all doors and windows likely to be 
reached by such a flood, 

113. As regards power-station designs, a general tendency is showing 
itself ,to confine the power-station building, where climatic conditions arc 
favourable, to the housing of the control apparatus alone, the generating 
machincr}', step-up transformers, and high-tension equipment being 
located out of doors. 


CHAPTER XI 
Water Power Reports 

I 

• 

114. Compilgtion of Water Power Reports. -A report on any 
projecte'd water power development ^should be as comprehensive as cir- 
cicVi\^tanccs permit. While niifch, depends on the immediate purpose for 
which the report is required, the following outline* indicates the more 
important features whicji usually requii^e investigation anck discussion. 

1. Goieral iuiroduciiun. 

•» -V * 

Descriptioiv including location, ol site. 

(/;) Scope of invostigation. * , * 

• • 

* Sensiblv <dcnticaf \Mth the scheme develo^pcd by the Dominion Water Power Branch, 
JJtpartlncnt of Int^tior, Canada.* See 1Q14 AnnvAil Report of the Department. 
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II. Purees of data used in the report. ^ 

{a) Details of personaHinvestigation. 

(b) Rainfall and run-off records. 

(c) Maps. 

(d) Existing reports 

III. ' Summary of report. 

IV. Water resources of the scheine^ 

{a) General description of the drainage area. 

{b) Actual records, if available, showing maximum, minimum, and 
mean discharge for each month, also minimum for year. 
Measurements on site if the foregoing are not available. 

(c) Rainfall, evaporation, and temperature. 

(d) Storage already available, if any. 

(e) Storage possibilities. 

(1) Location of possible reservoir sites; foundations. 

( 2 ) Height of dam, and class of dam suitable. 

(3) Capacity of reservoirs. 

(/) Prior rights above or below the site; iishing rights; potable 
supplies; compensation. 

Ice conditions during winter months. 

» 

V. Outline of anv existing power development 07t the river. 

VI. Detailed work at each site investigated. 

(a) Scope of inspection at site. 

(b) Accessibility of site and transportation prubiems. 

(c) Contour plan, cross-sections, and profiles. 

(d) Foundation conditions. 

(e) Flooding; present conditions and as modified by dam. 

(/) Site of power house. 

(g) Existing interests 

VIE Amount of power available. . 

^ » 

{a) With storage. 

(^*) Witjiout storage. 

In each case the maxiinum, muan, and' minimum values are to 
be given. 

Vlll. Estimates. 

* (a) Cost of power developed. 

(b) Cost of storage. 

vor. I 
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IX. M ir/iet for power. 

(!i) Present. 

(ft) Fixture^, including any obvious possibilities. 

{cy Length of any transmission lines. 

X. Suggestions and recommendations. 

XI. 'Appendices. 

(a) Plans and phoitographs. 

(ft) Run-ofF, rainfall, and gauge records. 

;.(d) Repons. 

(d) Maps and plans of existing power plants. 

Section I should cover the general features of the scheme. This 
involves a general description of the river and its characteristics, touching 
on the drainage area, the direction of flow, gradient, type of banks and of 
river bed, cultivation along banks, and general topographical and geological 
features. It should give the definite location of the site. 

Section II should summarize the sources of information on which the 
report is founded, and indicate the route followed, the time involved, and 
the degree of thoroughness with which the inspection has been carried out. 

In the summary of Section III, all the essential features of the report 
should be brought together in a brief statement, with a tabulation of the 
essential results where po.ssible. 

In Section IV, those features of the drainage area which are of direct 
importance to the question of water supply, such as the variation in seasonal 
flow and the probability of sudden floods, should be dealt with. The 
magnitude of the area should be given, along with details of the run-off 
when these are available. When no records are available, estimates or 
measurements of the flow at the time of inspection should be made by 
w hatever method of stream measurement is most convenient. From these, 
in conjunction with any high-water marks in evidence and from the testi- 
mony of local inhabitants as to extreme high- and low-water conditions, as 
careful an estimate as is possible should be made of these conditions. The 
times of year at which extreme high and low^ water are usually found 
should be given. 

L'The rainfall as recorded at the nearest or most suitably situated gauging 
stations should be discussed, and should be utilized in an estimate of the 
run-oif if no stream flow record^ are iwailable. Evaporation records, if 
available, should be considered in this connection. Temperature records 
are useful as enabling some approximation to the probable evaporation to 
be failing any direct measurements. 

The question of storage possibilities shculd be covered as thoroughly 
as circumstances permit. Any suitable dam site should be investigated, 
and a note made as to the foundation conditions, the most suitable type 
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of dam, and of its height and length. The tx^-nt of ground covegi'i, with 
varibus^amounts of storage, sliould* be ascertained. The capacity of the 
storage restr\^ir, together with the area of the adjacei#,^ C»t(i}iment areas 
and their sufficiency to fill tlie reservoir, should he fully covered, and the 
beneficiid efl/ct of such storage on the flow of ihe river ^liould be discussed^ 
Mention should be made of lyiy existing or projected jehemes of municipal 
water supply, irrigation, or water power which might alfect the •amount 
of w^ater available. m ^ • 

In a non-temp^ratc climate tl general ice conditions in winter should 
be determined and discussed. The conditions •to be •anticipated at the 
site as regards frazil and ancjior ice, the possibility of ice jams both above 
and below the site, and the eflect of thestf on the heacf- and taM-w'atcr 
levels should be noted. ^ 

In Section V, existing power developments on the river likely to be 
in any way aflected by the proposed scheme, should be briefly discussed 
under the heads: ownership of the plant; when constructed; brief de- 
scription; output and load factor; probable eflect of suggested development 
on its Opel a ti on. 

Section VI. When no definite scheme of develo]micnt has been 
proposed, the insj^ecting engineer is expected to outline the scheme which 
his study at the site may suggest as being mos( feasible, lie should gather 
all the information and field ilata wliich mav be essential to a proper con- 
sideration of the scheme and of its cost. A provisional lay-out should be 
shown on the contour plan of the site. Arrangements shall be made on 
the ground for the installation and reailing o\' stream gauges at all-points 
where such records aia? desirable. 

The accessibility of the site, including the distance to*tlie nearest rail 
and wxater transport, the ease or diffieulty of constructing a branch line, 
the condition and suitability for heavy tiansport of the ro 'ds in the vicinity, 
and in .short tlie best means of connecting the site with existing lines of 
traffic, should bg discussed. 

Enough rough instrument work must be done to permit oi plotting a 
fairly accurate contour map of the vicinity covered by the proposed lay-out. 
The })lan should indicate any outcrops otirock, and any clay, sand, gravel, 
loam, See., w'hit'h may be in evidence Water-levels at inijMirtgnt points, 
with the date of observation and a pote as to the slatc^oi flic river, sbordd 
be plotted on the plan. Tdie high- and low-water levels be expected 
in the tail wat^r O'' the projected scheme are of special importance. 

A cross-section of the river bed and both banks along the site of the 
proposed dam.should be plotted! This^i^houkUindicatc the character of 
the ground surface arid of the'rivcr bed, and of foundation conditions either 
in evidence or assumed. The accords of ahy^HMuings are to be givep. A 
profile of the river surface, and if possible ol JLhe bed from a p o i^n iTp sft'e a m 
frbm jthc dam below the tail •race- is required. •A profile section through 
the dam, intakV^ head race, canal (or pijH" line): powcj plaflt^ and tail race,* 
showing such essential elevations^*as head watej, crest of^dam, tai^ water,* 

VoL ■ • 
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&c., ^puld also be given The plans should show the extent of the 
ground, at present liable to inundation in^t-me of flood, and the extent of 
the area which w^uld be covered by the construction of the storage reser- 
voirs. 'b'he site of the power house should be indicated, with a note as 
to any difhculties likely to b? experienced in its construction, or in that of 
the penstock, forebay, or tail race. ^ 

An} existing interests such as roads, bridges, or buildings which may 
be dfFected by the construction of the plant and the consequent flooding 
should be indicated. 'J'he question ofrfishing interests, logging or navi- 
gation rights, and of possible comj)ensation water should be discussed. 

In Great Britain tlie largest scale maps, published by the Ordnance 
Survey of many of the districts of interest in connection with water power 
developments are to a scale of 6 inches to the mile, which is sufiicient to 
satisfy standing orders for Private Bills, when application is made to Parlia- 
ment for powers of compulsory purchase. 'Phis scale is very suitable for 
showing the various works and the important contours. W hen the flow 
of any river is intercepted, standing orders require that the drainage areas 
from which it is to be diverted should be shown to a scale of i inch t() the 
mile. In the case of any works it is necessary to dej^osit sections to a 
scale of not less than 4 inches to the mile horizontal and i inch to 100 feet 
vertical. 

Jn Section VII, the possibilities of power developments both wath and 
without storage should be considered. In the latter case the power available 
with the minimum flow , and the power which might be developed during 
the eight or nine months not including the e\tr<*me low^-water season 
should discussed. Consideration shouhl be given t(j tlic possibility of 
developing die power more cheafily from a stcMm or gas installation. The 
question of utilizing existing steam or gas plants as a reserve, or as au.xiliary 
to the proposeu water-power jilant, or of installing such a plant as part of 
the proposed scheme should also l)e covered. 

In Section VIII, approximate estimates of the cost of the proposed 
scheme, and the basis on which these arc made, should lie given. 'J'hese 
estimates should show^ separately the costs ol the land aijd water rights, 
the civil engineering const ru'nion, and the lydraulic ^md electrical 
machinery. vXpproximatc figures of the annual charges, ittcluding interest, 
sinking fund, depreciation, rates and,^ taxes, lepairs, supplies, wages and 
salaries, shouTd be given, and the cost per unit of output calculated, both 
on Mie assumption of a continuous output and ol an output corresponding 
to an ordinary industrial load. 'Lhis sliould lie done for the alternative 
schemes if more than one is put forwara. 

Section IX wull involve as thorough an investigation as the eircimi- 
stany.es warrant of the present and future ,po\vcr market in the surrounding 
distiict. Tossibilities of the xlevelopmcnt of special local industries tased 
on the natural resources ef the district, whether mincralogical or otherwfse, 
should be noted, along with the possibilities of economical powx‘r trans- 
mission to more remote industrial localit'es. In the latter case an estimate 
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should be given of the cost of such transmissiofi and of tl^c power «\<iilable 
at the end of the line, as well of*any possibilities oi dis^^osing cpI power 
en route. Any suggestions or^ recommendations witlf rci'eirnce to the 
foregoing points should be set out in full. The location^ of suitable gauging 
stations k>r t^e continuous record of river llo\f should be covered. * % 

\yhere more than one sitc*is investigated, the iclali^^e advantages should 
be discussed, and a definite recommendation mad^' as to their “relative 
afdvisability. 

In general, a pf^eliminary report should make it tpjite clear whether the 
scheme is one which, from an engineering arul ^ linaiTcial standpoint, is 
reasonably feasible, while affinal import should give sul]^ciently detailed 
data to enable any linancial body deiiuiteTy to determine the ultimate 
prospects of the scheme. 
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The Hydnuiconc and Sjireading Drjft Tubes 

In the conventional theory of turliine dcstj^n it has been usual so to design 
the vane angles at exit as to discharge the water without any appreciable* 
tangential velocity. Even with a slow -speed high-head turbine liowever, 
this can only be the ease with one gate opening, and with a modern high- 
speed runner there is a considerable velocity of whirl at all gate openings. 

It is u.sual to as,sume that this wliirl is analogous to that in a irce vortex, 
i.e. that Its velocity i.s invcisely proportional to the radius, and that the 
pressure increases radially outwards accoriiing to the law 

/h — h I I __ I I 

(o a.;' 2<; 'r/ 

where w represents the vMocity of whirl; o> the angular velocity; and r.^ 
and r, are two radii nl which r, is the gi cater. . • * 

'I'hiis il / j and lo are the radii of a straight conical draft tjibe at the points 
of exit and of entry, the gain of prc'ssure due to the conversion of the kinetic 
energy ol whirl will be given by the above expiession, or more correctly by 


'I’herc is little definite data as to the value ol the cocflicient A", but il is probable 
that in a driift tube of moderate dimensiows it is approximately 075. 

In a low h^ad plant it is often necessary to iuijtall the turbin(;so near to 
the tail race level that a straight conical draft tube giving a reasonably l^nv 
velocity ol discharge woulcl be Very ineflicient owing to tIJb large angle of 
flare required^ ai J in many such ca.sc's bent draft tubes have been ilsed. 
While such a tube enables any suitable length and angle of flare to be adopted 
without excestyve excavation, it suTicrs from the disadvantage that the kinetic 
energy ol whirl is d’ssipated’in eddyformation, ani^ is therefore not t( be 
recommended where such loss,is* likely to bi^* serious. , 

^Vith a view of (wercoming tins, difliculiy, ivvo ty|)cs of sfiiTlght* draft 
tube.havc been developed diTring^ recent years,, in vvhich thfc water at the 
point ol discharge from the tube is constrained to IJow radially outwarckr 
between two surfaces approxim«ilely paiallcl .qnd of considerable* radius’ 
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thus a very |ow velocity to both the radial and tangential conij)oncQts 
of the discharge, and at the same time chabUlig the water to be discharged 
horizontally i^ Sfe hircction of floW' in the tail race. 

These types arc knoA^^n respectively as the “ hydraucone re^^ainer ” and 
tl>c Mdody “ spreading draft t?d;)e In the former the water is* discharged’ 
against a Hat plate vvhi(ih deviates its direction {i'm. l()5(^/)), while in the laUc*r 


I « ♦ 
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a conical surface is presided for the same juirposc (fig. i65(/j)). Since in a 
free vortex the pressure is a minimum at the centre, cavitation etfects will 
always be experienced in the first place at tnc centre of the draft tube 
immediately beneath tlic runner, and to prevent this in some recent low 
head plants this conical surface has been continued up the draft tube as 
far as the runner. 

Such designs have the advantage of (nahling a large ratio of outlet to 
'inlet area to be obtained with a eomparativel) short lube. 
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Useful D;ita 

I cubic foot of water weighs 62-4 lb. ‘ 

I gallon (imperial) weighs 10 lb, 

I gallon (U.S.) weighs 8*3.^ 25 lb. 

I imperial gallon is equivalent to 1*2 U.S. gallons. 

I second-foot, or i c. ft. per second - 6-24 imperial gallons per second. 

I second-foot 31,536,000 c. ft. per year. 

~ I *983 acre-feet per day. 

= 55*54 acre-feet per month of 28 days. 

= 57-50 n „ -"-9 

59*50 ty j> 30 »> 

"" 61 ‘49 yy yy 3 ^ 

I acre-foot ^ 271,814 imperial gallons. 

-- 43,560 c. ft. 

I inch deep on 1 square mile — 2,323,200 c ft. 

1 acre 43,560 sq. It. *4047 hectare. 

I sq. mile ^ 2-59 sq. kilometres, 

i c. ft. -- *0283 c. m. 

I horse-power - 550 ft. lb, per second. 

•= 746 watts. -- 0-746 kilonatt. 

== 76*0 kilogram-metres per scct>nd. 

I kilowatt 1*34 horse-poner. 

With an efllciency of 80 per cent, 
a head of 1 1 ft, . • 


cond*fot't develops l h.p. under 
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